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ABSTRACT 
Lack of access to viable, life-saving vaccines is a major public health problem worldwide. Our 
project objective is to create a feasible, frugal, and environmentally conscious transportation 
solution for vaccines. Our design for a bicycle-powered refrigeration system can function in both 
urban environments and rural areas with unreliable electricity and minimal infrastructure. This is 
enabled by integrating power generation from bicycle kinetic energy, thermoelectric cooling, 
voltage regulation, temperature control, and heat dissipation subsystems. The system is enclosed 
in solid housing to protect fragile vials against bumps and crashes and can be adapted to fit onto 
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Chapter  1  Introduction  
Lack  of  access  to  healthcare  is  a  continuous  problem  worldwide.  Of  the  many  efforts  to  
universalize  healthcare,  immunization  coverage  is  considered  one  of  the  most  cost-effective  
public  health  measures  [1].  The  World  Health  Organization  (WHO)  estimates  immunization  
efforts  combat  2  to  3  million  deaths  every  year,  yet  1.5  million  deaths  are  due  to  
vaccine-preventable  diseases  [2].  Though  vaccines  are  essential  to  disease  prevention,  the  WHO  
has  previously  estimated  over  50%  of  vaccines  go  to  waste  due  to  mishandling  and  lack  of  
temperature  control  in  transit  [3].  Mishandling  of  vaccines  reduces  their  viability  and  potency,  
costing  thousands  of  dollars,  lives,  and  confidence  in  healthcare  facilities  [4].  Many  influenza  
vaccines  prevent  at  least  three  strains  of  the  virus,  but  are  one  of  the  most  heat-sensitive  vaccines  
[5].  A  long  list  of  vaccines  for  preventable  diseases  –  hepatitis  A  and  B,  rotavirus,  MMR  
(measles,  mumps,  rubella)  –  are  just  as  heat  sensitive  as  the  influenza  vaccine,  making  storage  
and  handling  difficult  for  life  saving  treatment.  Typically,  vaccines  that  can  be  stored  in  the  
refrigerator  need  to  maintain  a  temperature  of  2-8°C  to  remain  viable.  Though,  this  task  proves  
difficult.  Ensuring  vaccines  are  stable  and  viable  at  the  correct  temperatures  is  more  difficult  
with  last-mile  distribution  to  rural  areas,  or  to  those  that  are  homeless.  As  the  UN  World  Health  
Organization  continues  to  strive  toward  closing  the  vaccine  gap  by  including  health  efforts  in  
vaccine  distribution,  especially  to  rural  areas,  the  need  for  a  sustainable  transportation  solution  of  
temperature-sensitive  vaccines  becomes  more  important.  
  
1.1 Problem  Statement  and  Project  Objectives  
Transportation  of  temperature-sensitive  items  can  be  difficult  and  expensive  which  denies  access  
to  people  who  are  living  in  developing  areas,  rural  areas,  or  are  homeless.  Our  goal  is  to  create  a  
feasible,  frugal,  and  environmentally  conscious  transportation  solution  for  these  essential  
perishable  products.  For  increased  accessibility,  our  solution  will  function  both  in  urban  
environments  and  rural  areas  with  unreliable  electricity  and  minimal  infrastructure.  
Our  team  of  six  Mechanical  Engineers,  have  developed  a  portable  bicycle-powered  refrigeration  
system.  The  refrigerator  enables  safe  transit  of  vaccines  in  rural  and  developing  communities.  
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Our  primary  goal  was  creating  a  portable  cooling  compartment  that  is  mounted  to  and  powered  
by  the  kinetic  energy  of  a  bicycle.  The  major  subsystems  in  the  design  include  an  energy  capture  
and  transfer  system  from  the  kinetic  energy  in  the  bicycle  chain,  pedals,  or  wheels,  a  
thermoelectric  refrigeration  device,  a  control  system  to  maintain  a  constant  temperature  inside  
the  cooler,  and  an  insulated  chamber  where  vaccines  are  stored.  Through  researching,  testing,  
and  analyzing  several  methods  to  achieve  cooling  and  power  generation,  we  selected  a 
thermoelectric  module  powered  by  an  electric  generator,  connected  to  the  pedal-chain-wheel  
system  on  the  bike.  This  project  combines  the  research  interests  of  control  systems,  thermofluids,  
mechanical  design,  materials  science,  electronics  with  kinetic  energy-driven  devices,  portable  
refrigeration,  frugal  innovation,  and  last-mile  distribution.  
  
1.2 Design  Specifications  
A  major  challenge  in  formulating  the  design  criteria  for  our  project  is  that  extensive  research  
found  no  existing  products  that  combine  both  non-motorized  transportation  and  an  off-grid  
refrigeration  system.  To  create  datums,  the  design  criteria  for  our  project  were  derived  from  
specifications  of  multiple  market-available  products  that  perform  one  of  the  major  functions  of  
our  project,  including  small,  portable  refrigeration  systems  and  electric  bikes.  Additionally,  the  
features  required  for  our  unique  design  to  be  a  competitive  product  and  strict  guidelines  for  
transit  of  medical  equipment  were  factored  into  the  decisions.  Our  detailed  problem  design  
specifications  are  in  Appendix  A.  The  major  design  criteria  include  minimizing  the  weight  added  
to  the  bike  by  the  power  and  refrigeration  systems  and  minimizing  the  cost  to  ensure  
accessibility  to  multiple  customer  bases.  The  refrigeration  compartment  must  also  reliably  
maintain  a  sufficiently  cold  temperature  to  prevent  perishable  items  from  spoilage.  These  
constraints  were  found  through  our  customer  needs  market  research  and  literature  review 






1.3 Literature  Review  
We  researched  previous  senior  design  projects,  products  already  on  the  market,  and  different  
technology  options  for  our  project.  Reviewing  current  literature  is  important  in  order  to  
understand  what  has  already  been  done  and  how  to  create  effective  product  differentiation,  as  
well  as  assist  in  setting  design  specifications  discussed  in  the  previous  section.    
There  are  many  problems  obstructing  effective  vaccine  delivery,  specifically  maintaining  a  cold  
supply-chain  system.  This  means  that  storing  and  transporting  vaccines  from  manufacturer  to  
recipient  all  have  to  happen  in  a  2-8 o C  environment  for  the  vaccine  to  remain  in  a  potent  state.  
Solid-state  thermoelectric  cooling  from  Peltier  devices  has  enabled  the  development  of  vaccine  
carrier  boxes  that  can  meet  these  requirements  and  more  for  various  applications  where  
environmental,  size,  weight,  performance,  and  noise  issues  are  a  concern.  According  to  a  study  
published  in  the  Journal  of  Medical  Engineering  and  Technology ,  a  thermoelectric  module  and  a  
heat  pipe  attached  to  the  hot  side  of  the  module  are  used  for  cooling  a  vaccine  carrier  box  system  
and  increasing  its  performance.  The  minimum  temperature  the  vaccine  carrier  box  reached  was  
-10 o C  [6],  indicating  that  the  technology  is  capable  of  keeping  vaccines  in  their  potent  state  for  
extended  periods  of  time  as  well  as  other  materials  in  various  applications.  
  
  
Figure  1.  A  small  prototype  vaccine  carrying  refrigerator  with  a  rack  holding  vials  [8].  ©  Santa  




The  journal  article  “Optimization  Strategies  for  a  Portable  Thermoelectric  Vaccine  Refrigeration  
System  in  Developing  Countries,”  details  a  working  prototype  of  a  rugged,  off-grid  refrigeration  
system  for  medical  equipment  [7].  This  is  a  small,  lunchbox-sized  refrigeration  system  that  can  
be  carried  and  holds  a  very  small  capacity  of  0.83  liters.  An  insert  was  built  to  fit  vaccine  vials  to  
prevent  breakage  during  transit  and  to  ensure  a  uniform  temperature  inside  the  container.  It  can  
attain  temperatures  as  low  as  3.4℃,  while  drawing  only  15.4  watts  of  power  and  weighing  6.4  
kilograms.  It  is  powered  by  batteries,  which  can  last  up  to  30  hours  between  recharging.  The  
limitations  with  this  system  are  that  it  must  recharge  from  an  electric  grid  periodically,  and  it  can  
only  hold  very  small  items.  
In  order  to  implement  Peltier  coolers  into  our  design,  we  plan  to  use  a  motor  to  generate  
electricity  in  order  to  power  it.  Using  either  an  AC  or  DC  motor  will  most  likely  require  the  use  
of  a  buck-boost  converter.  This  circuit  combines  a  buck  converter  used  to  convert  AC  to  DC  in  
the  case  we  use  an  AC  motor  for  power  generation,  and  a  boost  converter,  used  to  amplify  DC  
current  without  adding  additional  batteries,  thus  lightening  the  load  on  the  system.  The  article  
“ DC-DC  Buck-Boost  Converter  for  Renewable  and  Biomedical  Application  based  Real-Time  
IoT”  published  in  the  International  Journal  of  Recent  Technology  and  Engineering,  writes  of  
buck-boost  converters  being  used  to  increase  energy  storage  and  response  rate,  as  well  as  accept  
fluctuating  voltage  inputs  [8].  This  allows  our  group  to  use  a  single  battery  to  power  the  
refrigeration  component  of  our  project,  keeping  the  bicycle  lighter  and  easier  to  handle.  It  also  
allows  for  the  battery  to  charge  under  varying  pedaling  speeds  as  the  user  speeds  up  or  slows  
down,  generating  different  levels  of  input  voltages.  
Compression  refrigeration  is  a  common  method  used  for  refrigerating.  Refrigerants  used  in  these  
conventional  refrigeration  systems  are  known  to  be  damaging  to  their  environment  because  of  
their  contribution  to  global  warming  and  ozone  layer  depletion.  CFCs,  HCFCs,  Freon,  and  
ammonia  provide  maximum  efficiency  but  at  a  detrimental  cost  to  the  environment.  As  energy  
consumption  increases,  and  therefore  the  use  of  refrigerants  in  refrigeration  systems,  the  need  for  
a  renewable  and  efficient  energy  source  is  necessary.  The  article  “Design  and  Implementation  of  
Peltier  Based  Solar  Powered  Portable  Refrigeration  Unit”  published  in  an  IEEE  Conference  
journal,  discusses  in-depth  the  use  of  the  Peltier  effect  to  combat  the  use  of  refrigerant  and  the  
techniques  needed  to  implement  this  technology  [9].  This  effect  is  far  more  environmentally  
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friendly  but  not  as  efficient.  This  study  suggests  the  Peltier  effect  is  the  next  up-and-coming  
technology  and  can  be  developed  for  more  efficiency.  Considering  we  are  heavily  interested  in  
implementing  Peltier  coolers,  we  are  pleased  to  know  that  this  would  uphold  our  goal  of  
designing  an  environmentally  conscious  solution.   
Freon  is  a  commonly  used  refrigerant  in  industry  applications  [10].  Its  main  components  are  
fluorine  and  carbon  and  it  sometimes  contains  hydrogen,  chlorine,  and  bromine.  “Freon”  is  a  
trademark  and  it  falls  into  the  CFCs  and  HCFCs  categories.  It  was  introduced  as  a  refrigerant  in  
the  1930s  and  was  successful  due  to  its  low  boiling  point,  surface  tension,  viscosity,  and  it  did  
not  present  a  fire  hazard.  During  the  mid-1970s,  scientific  research  had  come  to  the  conclusion  
that  Freon  and  other  CFCs  were  a  major  cause  of  Earth's  ozone  layer.  Since  then,  most  developed  
countries  banned  the  production  of  nearly  all  Freons.  Therefore,  we  avoided  using  Freon  and  
other  refrigerants  for  our  system  to  be  environmentally  conscious.  
“Ammonia  as  a  Refrigerant”  produced  by  ASHRAE,  compares  ammonia  to  other  commonly  
used  refrigerants  like  chlorofluorocarbons  (CFCs)  and  hydrochlorofluorocarbons  (HCFCs)  [11].  
Ammonia  is  the  main  refrigerant  used  in  industrial  refrigeration  systems.  It  is  generally  benign  to  
the  environment;  it  doesn’t  contribute  to  ozone  depletion  and  global  warming  like  synthetic  
refrigerants  do.  Ammonia  is  a  good  refrigerant  because  it  has  a  high  COP,  operates  at  pressures  
comparable  to  other  refrigerants,  is  capable  of  absorbing  a  large  amount  of  heat  when  it  
evaporates,  has  a  low  boiling  point,  is  inexpensive,  and  is  readily  available.  One  danger  of  using  
ammonia  is  that  it  is  hazardous  when  released  in  large  quantities,  meaning  that  it  must  remain  in  
a  completely  closed  system  and  small  leaks  should  be  repaired  quickly.  When  considering  
materials,  ammonia  reacts  with  copper  in  the  presence  of  common  contaminants  like  air  and  
water.  Therefore,  systems  with  ammonia  are  usually  constructed  using  aluminum,  carbon  steel,  
and  stainless  steel  with  welds,  rather  than  being  brazed.  Though  this  source  was  useful  to  learn  
about  ammonia  as  a  refrigerant,  we  decided  to  not  implement  this  chemical  since  it  has  a  potent  
smell  and  is  dangerous  to  handle.  
When  calculating  the  max  power  available  when  riding  a  bike,  the  rolling  friction  coefficient  
must  be  considered.  According  to  an  article  published  in  the  National  Center  for  Biotechnology  
Information,  the  most  important  factors  to  study  when  determining  the  rolling  friction  coefficient  
of  a  bike  tire  include  the  composition,  type,  and  tire  condition  (rubber  type,  tread,  inflation  
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pressure,  temperature),  the  composition  and  type  of  road,  the  existence  of  external  agents  (rain,  
snow,  etc.),  and  the  sliding  speed  in  tire-road  contact  [12].  Therefore  a  range  of  friction  factors  
should  be  considered  from  0.002  -  0.008.  
  
1.4 Benchmarking  Results  and  Market  Survey  
In  order  to  better  understand  what  is  feasible  and  economically  viable,  we  researched  products  
on  the  market.  We  found  no  existing  solution  for  complete  human-powered  refrigeration  and  
instead  looked  at  devices  that  complete  one  or  more  of  our  subfunctions:  refrigeration  systems  
and  human-powered  generation  systems,  summarized  in  Appendix  E.  Existing  small  
refrigeration  systems  suffer  from  poor  efficiency,  cost  at  least  $50  for  refrigeration  alone,  and  are  
not  small  or  light  enough  to  carry  for  long  distances.  Human-powered  generators  with  a  capacity  
above  10W  tend  to  be  expensive,  over  $100,  and  are  not  very  ergonomic  or  easy  to  use,  and  are  
not  mass-marketed.  
In  addition  to  researching  refrigeration  systems  and  human-powered  generation  systems,  we  
looked  into  WHO  approved  vaccine  transport  solutions.  Most  WHO  approved  vaccine  carriers  
use  ice  or  water  packs  to  maintain  temperatures.  Ice  and  water  packs  need  to  be  inserted  
precisely  within  1-2°C  below  freezing  temperature,  leaving  ample  opportunity  for  user  error,  and  
must  be  replenished  every  6-48  hours.  This  requires  refrigeration  capability  at  the  distribution  
center  and  periodically  throughout  the  journey,  which  is  not  available  in  some  regions.  Another  
downside  of  these  compartments  is  the  weight  to  capacity  ratio.  With  the  ice  or  water  pack  
requirement,  as  the  capacity  increases,  the  loaded  weight  increases  substantially.   
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Chapter  2  System-Level  Analysis  
To  focus  and  guide  our  design,  we  conducted  interviews  with  people  from  different  industries  
who  we  thought  may  be  interested  in  a  bicycle  refrigeration  system.  From  these  interviews,  we  
compiled  a  list  of  customer  needs  and  ranked  them  by  importance.  We  also  researched  existing  
refrigeration  compartments  on  the  market  to  learn  what  needs  were  currently  missing  and  not  
being  addressed.  Some  of  the  requirements  we  identified  to  be  most  important  included  keeping  
the  compartment  within  the  necessary  temperature  range  to  keep  vaccines  viable,  creating  a  
system  that  does  not  require  external  electricity,  and  minimizing  the  cost  of  the  product.  We  then  
weighed  the  different  options  and  technologies  necessary  for  each  subsystem,  distributed  tasks  
amongst  team  members,  and  created  a  plan  to  stay  within  budget,  on  time,  and  complete  the  
project  safely.  
  
2.1 Customer  Needs  
The  team  initially  conducted  interviews  with  six  potential  customers  to  gauge  the  feasibility  and  
demand  for  a  bicycle  refrigeration  system  in  different  industries  and  markets  (responses  in  
Appendix  B).  Their  demographics  include  bicycle  shop  owners,  professors,  avid  bike  users,  
international  customers,  and  app-based  food  delivery  employees.  
Customers  were  asked  how  far  they  need  to  transport  heat-sensitive  items,  what  temperature  
their  items  need  to  be  stored  at,  what  methods  they  currently  use  to  transport  perishables,  how  
much  weight  is  practical  to  carry  on  a  bicycle,  and  how  much  they  would  be  willing  to  pay  for  
the  system  we  are  designing.  
Customers  were  also  asked  about  their  interest  in  some  of  our  initial  concepts.  These  included  a  
lunch  box-sized  adaptable  system  that  can  clip  onto  any  existing  bike,  a  mountain  bicycle  with  a  
built-in  refrigeration  system  optimized  for  rugged  terrain,  and  a  bicycle  with  a  refrigeration  
compartment  large  enough  for  one  or  two  grocery  bags  built-in.   
To  gain  perspective  on  the  public  health  impact  of  our  product  and  compare  it  to  current  methods  
of  vaccine  transportation,  two  additional  interviews  were  conducted  with  healthcare  workers  
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toward  the  end  of  the  project  (responses  in  Appendix  C ) .  The  two  second  stage  interviewees  
consisted  of  a  registered  nurse  who  is  familiar  with  administering  several  common  vaccines  and  
a  product  development  engineer  at  a  non-profit  health  organization  whose  main  project  has  been  
a  vaccine  carrier  with  freeze  prevention.  
While  some  of  the  same  questions  were  asked  in  this  second  round  of  interviews,  additional  
questions  about  how  the  healthcare  facility  receives  vaccines,  the  conditions  required  to  safely  
store  and  handle  them,  and  how  prototypes  of  vaccine  carriers  are  tested  were  also  asked.  
After  interviewing  the  first  round  of  customers,  we  compiled  initial  data  into  Table  1.  We  were  
then  able  to  identify  similar  needs  in  each  of  our  customers'  answers  that  could  be  grouped  into  
certain  aspects  of  our  solution  like  the  performance  of  the  bike,  cost,  and  size.  Once  we  
established  the  needs  of  our  customers,  we  grouped  them  under  the  associated  design  criteria  
discussed  in  our  work  on  product  design  specifications  which  are  further  discussed  in  section  2.4  
and  found  in  Appendix  A.  Customer  needs  were  then  ranked  within  their  groups  to  establish  
importance  based  on  the  conducted  interviews.  We  used  a  customer  selection  matrix  to  further  
establish  our  customer  needs  (Appendix  D).  We  believe  our  hierarchy  will  help  guide  our  project  
to  ensure  it  is  user-centered.   
  
Table  1.  Hierarchy  list  of  our  evaluated  customer  needs.  
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1.   Refrigeration  System  Performance  
1.1. Minimum  compartment  
temperature  of  2-8°C  
1.2. Compartment  holds  at  least  a  
water  bottle  (1L)  
1.3. Compartment  protects  items  
inside  from  breakage  in  transit  
1.4. Retrofitted  cooling  system  
1.5. Cools  fast  enough  for  short  trips  
of  a  few  miles  
1.6. Temperature  maintained  for  at  
least  4  hours  after  pedaling  stops  
2.   Cost  
2.1. For  market  in  developing  
regions,  subsidized  cost  below  
$500  
2.2. For  market  in  first-world,  less  
than  $1000  (ex.  electric  bike  
including  cooling  version  for  
first-world  customers)  
2.3. Versions  with  add-ons  for  





2.2 User  Scenario  
Our  target  customers  are  users  in  rural  areas  with  limited  access  to  transportation  and  who  need  
to  keep  perishable  medical  supplies,  particularly  vaccines,  at  a  safe  temperature.  The  vaccine  
cold  chain  is  the  supply  chain  for  transporting  vaccines  from  manufacturing  to  the  point  of  
administration  while  maintaining  vaccine  viability  temperature.  The  cold  chain  is  outlined  in  
Figure  2.  Our  user  will  participate  in  last  mile  distribution,  the  last  step  in  the  cold  chain.  The  
user  will  ride  a  bike  from  a  health  center  that  stores  many  vaccines  in  large  refrigerators  to  the  
location  of  administration  such  as  a  small  pharmacy  or  vaccination  outreach  site.  During  this  
time,  the  system  will  start  to  cool  the  compartment.  With  the  compartment  filled  with  vaccine  
vials,  the  cyclist  rides  their  bike  to  their  next  destination,  continuing  to  generate  power  for  the  
system  throughout  their  entire  ride.  This  flow  of  energy  is  seen  in  Figure  3.  After  the  user  has  
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3.   Compatibility  
3.1. Handles  rough,  muddy  terrain  
3.2. Durable,  solid  
3.3. User  can  attach/detach  on  own;  
easy  to  attach  and  remove  
3.4. Weatherproof  (rain,  snow,  
sunny)  
  
4.   Power  system  performance   
4.1. System  does  not  significantly  
slow  down  biker  
4.2. Tolerates  different  biking  speeds  
4.3. Mechanism  to  reduce  burden  
when  going  uphill  
4.4. Avoid  gearshift  and  chain  
interference  
4.5. Can  handle  various  power  
inputs  (retrofitted  to  other  
vehicles  to  get  power  from  car  
batteries  or  exhaust  waste  heat)  
5.   Size  
5.1. Max  weight  of  added  system  
30lbs  or  13.6kg,  lower  is  better  
5.2. Does  not  make  bike  wider  than  
rider/should  not  interrupt  user  
ability  to  ride  bike 
5.3. Refrigeration  weighs  less  than  
15lbs  or  6.8kg.  
  
  
reached  their  destination,  the  compartment  stays  within  the  acceptable  temperature  range  for  
several  hours  after  the  bike  is  stopped.  To  make  our  system  more  versatile  and  affordable  to  
developing  regions,  our  system  can  be  retrofitted  to  be  attached  to  most  standard  bicycles  by  
attaching  an  adaptable  bike  rack  to  the  rear  of  the  bike  which  contains  the  self-contained  cooling  
system,  and  mounting  the  generator.   
    
Figure  2.  The  vaccine  cold  chain.  Vaccines  must  be  maintained  between  the  temperature  range  
of  2-8°C  throughout  the  entire  cold  chain  process.  
  
  





2.3 Functional  Analysis  
At  a  systems-level  basis,  our  solution  must  fulfill  our  customer’s  needs  and  product  design  
specifications  (Table  1  and  Appendix  A,  respectively).  The  system  constraints  of  maximum  
weight  and  resistance  to  pedaling  the  user  can  ride  with  and  cost  were  the  most  significant  to  
determine  the  requirements  of  our  system.  Other  constraints  like  size,  cycling  safety,  as  well  as  
the  operating  environment  were  taken  into  consideration.   Our  portable  bicycle  powered  
refrigeration  system  must:  
1. Cool  the  contents  of  the  refrigeration  compartment  to  8 ° C  or  below.  
2. Regulate  temperature  within  a  set  range.  
3. Connect  to  a  bicycle.  
4. Stay  within  temperature  range  for  at  least  four  hours  after  a  bike  is  stopped.  
5. Not  require  external  electricity  (off  grid).  
6. Withstand  a  bike  crashing  into  a  stationary  object,  and  a  bike  falling  onto  its  side.  
7. Weigh  less  than  30lbs  or  13.6kg  
8. Be  weatherproof.  
9. Not  make  the  bike  wider  than  a  typical  rider.  
10. Tolerate  different  bike  speeds.  
11. Not  significantly  interfere  with  riding  speed.  
12. Protect  items  from  breakage  during  transit.  
13. Be  rugged,  and  can  handle  rough,  muddy  terrain.  
14. Cost  less  than  $500.  
  
2.4 System-level  Issues  and  Decisions,  Options,  Tradeoffs  
Interviews  with  potential  users,  research  of  products  already  on  the  market,  and  functional  
analysis  guided  design  and  technological  decisions.  Our  market  research  indicated  that  
customers  prioritize  factors  such  as  weight  which  would  affect  the  user’s  ability  to  use  the  
product,  and  cost  which  would  limit  who  could  access  our  product.  Our  design  reflects  these  
priorities,  as  we  focused  on  fulfilling  these  needs  first  before  moving  to  other  goals  such  as  
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efficiency  or  aesthetics,  and  chose  to  address  the  most  valuable  needs  when  multiple  factors  
conflicted.  
2.4.1  Inputs,  Outputs,  Issues,  and  Decisions   
From  our  product  design  specifications,  customer  needs,  and  analysis  of  existing  technologies  
and  solutions,  we  generated  four  concept  options.  We  needed  to  understand  the  specific  inputs,  
outputs,  and  constraints  of  each  option  to  determine  our  best  primary  solution  and  keep  one  
alternate  solution.  To  do  this,  we  created  data  tables  for  the  two  main  subsystems  we  have  been  
researching:  power  generation  and  a  refrigeration  system.  Table  2  contains  the  inputs,  outputs,  
and  constraints  (like  cost  and  weight)  of  power  generation  options.  The  second  table,  Table  3,  is  
for  the  inputs,  outputs,  and  constraints  of  refrigeration  options.  These  tables  helped  determine  
our  base  solution  and  demonstrated  the  value  in  developing  another  power  generation  option.   
  




  Electricity  Generation,  
Conversion,  Storage  
Compression  
Input  Torque  from  pedals Compressed  air 
Description  Rotates  a  secondary  chain  attached 
to  the  rear  sprocket,  spinning  a  DC 
motor  -  generating  DC  electricity 
 
Compressed  air  is  fed  into  a  pneumatic 
cylinder  connected  to  a  crankshaft.  The 
crankshaft  is  connected  via  a  chain  to 
the  back  wheel  of  the  bike.  The 
translational  motion  of  the  pneumatic 
cylinder  is  translated  into  rotational 
motion  which  creates  additional  power. 
Cost  [$]  ~500 ~250 
Weight  [lb]  ~15 12-25 
Size  [ft^3]  2.0 2.0 
Outputs  DC  electricity,  ~24V,  ~5A  max Kinetic  energy  in  the  form  of  rotational 
motion 
  
Table  3.  Cooling  &  Heating  Options  Specifications  
  
The  four  options  in  these  tables  were  placed  into  a  decision  matrix  (Appendix  F)  looking  at  the  
following  concerns:  would  the  connected  system  work,  weight,  cost,  size,  the  cooling  and  
heating  temperatures,  and  other  metrics  rated  on  a  5-star  system.  We  chose  the  system  that  
balanced  these  system  level  issues.  Some  trade-offs  include  weight  and  ease  of  construction.  
System  level  issues  that  were  heavily  weighted  for  our  design  were  ease  of  repair,  efficiency,  
cost,  and  safety.  These  issues  are  both  for  the  team  during  construction  and  for  the  user.  
Considering  our  user,  we  need  our  cost  to  be  as  low  as  possible  to  reach  a  larger  market.  We  also  
want  the  bike  to  be  accessible  by  users  of  varying  physical  strengths,  therefore,  the  additional  
weight  of  the  system  needs  to  be  low.  Our  decision  matrix  and  subsystem  tables  helped  us  select  
thermoelectric  over  vapor-compression  refrigerant  cooling  technology,  and  determine  that  direct  




  Thermoelectric/Peltier  Vapor-Compression/Refrigerant  
Input  DC  Electricity,  ~12V,  ~3A 
 
DC  Electricity,  ~12V,  Max  10A  but 
rated  1-8A,  intakes  heat  from  goods 
compartment,  refrigerant  (water  or 
propylene  glycol) 
Description  Takes  input  current  and  creates  a 
temperature  difference.  Direction 
reversible. 
Intakes  current  to  power  conventional 
refrigeration  system  which  includes 
compressor,  condenser,  and  evaporator 
Cost  full  
subsystem  [$]  
80 729 
Weight  [lb]  <  3 ~11 
Subsystem  Size  
[ft^3]  
0.5 0.35 
Outputs   Hot  inside,  cold  outside 
Cold  inside,  hot  outside 
~150W  w/  450W  capacity  (1535Btu) 
Outputs  cold  air  to  goods  compartment 
  
2.4.2  Technical  Challenges  
We  encountered  specific  technical  challenges  for  each  component,  summarized  in  Figure  4.  The  
carrying  compartment  must  be  lightweight  while  still  carrying  enough  vaccines.  It  must  also  
prevent  the  glass  vaccine  vials  from  breaking  and  ensure  that  the  vials  in  the  compartment  are  at  
a  uniform  temperature  so  that  some  are  not  freezing  or  overheating.  The  refrigeration  system  
uses  thermoelectrics  because  they  are  small  and  light,  only  about  the  size  of  a  phone  battery.  
They  do  not  contain  toxic  refrigerants,  are  solid  and  hard  to  break,  and  are  inexpensive  -  under  
$30  for  systems  of  our  size.  However,  thermoelectric  cooling  is  typically  only  one  quarter  as  
efficient  as  compression  refrigeration,  making  optimization  crucial  in  order  to  function  with  the  
limited  electricity.  The  fridge  must  prevent  inadvertent  freezing  and  transfer  heat  out  of  the  
container  through  the  wall  without  letting  heat  back  in.   
  
Figure  4.  Summary  of  technical  challenges  for  our  system.  
  
There  are  multiple  options  for  power  generation  such  as  adding  a  motor  to  charge  a  battery  or  
using  regenerative  braking.  The  motor  would  add  resistance  to  pedaling  and  regenerative  braking  
is  not  efficient  for  smooth  rides.   Electrical  regulation  is  required  in  order  to  use  the  varying  
power  input  to  safely  charge  the  battery.  An  overarching  problem  throughout  the  electrical  
regulation  is  power  loss  across  the  different  components.  The  battery  also  has  to  be  protected  
from  both  overcharging  and  overdrawing,  while  being  charged  and  being  used  to  power  the  
thermoelectric  cooling  module.  The  control  system  must  respond  quickly  to  temperature  
changes,  enable  switching  between  a  high  voltage  and  a  low  voltage  power  supply,  and  provide  
the  user  a  way  to  monitor  the  temperature  of  the  compartment  in  real  time.  An  overall  problem  is  
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that  the  weight  of  all  these  systems  compound,  rapidly  increasing  the  additional  weight  the  biker  
must  take  on  while  riding.   
  
  
2.5 Overview  of  Subsystems  
Our  refrigeration  solution  uses  thermoelectric  cooling  and  electric  power  generation.  Figure  5  is  
a  diagram  showing  the  major  subsystems  of  our  design.  Our  design  involves  five  main  
subsystems  starting  with  capturing  kinetic  energy  from  the  bike  rider’s  pedaling  using  a  DC  
motor  as  an  electric  generator.  The  generated  electricity  is  converted  to  a  set  output  using  a  
voltage  regulator  and  a  charge  controller  before  it  is  stored  in  a  battery  or  sent  directly  to  the  
control  system.  Using  sensors  and  electronic  switches,  the  control  system  regulates  the  
temperature  of  the  insulated  compartment  holding  the  vaccines  by  controlling  the  power  input  to  
the  thermoelectric  cooling  system.  
  
  
Figure  5.  System  overview  for  electric  generation,  storage,  and  conversion  powering  
thermoelectric  refrigeration.  
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Each  subsystem  is  interconnected  and  interdependent,  and  the  output  of  one  system  is  the  input  
to  another.  Each  subsystem  will  be  described  in  more  detail  in  the  following  chapters.  
  
2.6 Team  and  Project  management  
Our  team  worked  extremely  well  together  to  achieve  our  successful,  final  product.  Due  to  the  
COVID-19  pandemic,  our  project  was  completed  100%  virtually  amongst  team  members  in  
different  states  and  with  minimal  contact  to  adhere  to  social  distancing  guidelines.  We  were  able  
to  complete  our  project  given  our  $3000  budget  funded  by  the  Santa  Clara  University  (SCU)  
School  of  Engineering.  Given  our  timeline  of  one  school  year,  we  identified  and  researched  our  
motivation  in  the  Fall  quarter  while  simultaneously  gaining  some  hands-on  experience  with  
technologies  we  might  pursue,  continued  this  hands-on  learning  in  the  form  of  creating  our  first  
prototypes  for  subsystems  in  the  Winter  quarter,  then  manufactured  our  final  project  leading  to  
the  presentation  of  our  work  at  the  Senior  Design  Conference  in  the  Spring  quarter.  
  
2.6.1  Team  Management,  Project  Challenges,  and  Constraints  
Over  the  course  of  our  project,  our  team  was  in  five  different  locations  and  two  different  time  
zones,  which  combined  with  coronavirus  safety  precautions,  travel  restrictions,  and  social  
distancing  made  it  near-impossible  for  in-person  collaboration  until  April  2021.  Nearly  all  of  our  
team  communication  was  conducted  virtually  for  the  duration  of  the  project,  and  it  was  not  
physically  possible  for  all  members  to  fully  collaborate  during  fabrication.  Despite  the  constraint  
of  distance,  we  were  able  to  collaborate  on  research  and  experiments.  Our  approach  to  deal  with  
this  constraint  was  to  have  members  focused  on  certain  subsystems  and  research  depending  on  
their  location.  In  general,  the  members  who  were  farther  away  from  SCU  focused  on  research,  
components  that  are  small  enough  to  be  shipped  such  as  the  compartment,  and  smaller  
experiments  that  can  be  performed  without  expensive  laboratory  equipment  such  as  testing  of  
insulated  compartments  found  in  one’s  home,  or  testing  their  bike  riding  speed  under  varying  
weight  and  terrain.  The  members  who  were  geographically  closer  to  the  university  were  able  to 
receive  components  from  the  department,  drop  off  components  with  others,  and  had  limited  
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laboratory  access  in  Spring  quarter  for  fabrication,  so  they  worked  on  the  larger  and  more  
complex  subsystems.   
Fragmented  knowledge  among  team  members  was  a  challenge  because  we  had  six  people  
working  on  at  least  five  different  concepts  or  subsystems  at  a  time.  To  reduce  this  gap  in  
communication,  we  set  aside  time  in  our  team  meetings  to  discuss  research  and  experiment  
updates.  Other  members  also  met  one-on-one  with  other  teammates  to  further  close  this  gap.  We  
were  understanding  of  everyone’s  constraints  and  each  took  on  more  research-based  tasks  or  
experimentation-based  tasks  depending  on  their  location.  Online  communication  is  not  ideal  for  
quick  responses  and  can  cause  miscommunication.  We  made  sure  to  be  over-communicative  to  
avoid  miscommunication  errors.  Even  with  these  constraints,  we  were  able  to  conduct  research,  
testing,  send  prototypes  across  the  state,  and  successfully  create  a  final  product.   
  
2.6.2  Budget  
We  received  $3000  from  the  Santa  Clara  University  School  of  Engineering  (see  Appendix  G  for  
the  project  budget).  Most  of  our  expenses  were  used  to  procure  materials  to  create  multiple  
iterations  of  each  subsystem.  While  we  remained  separated  due  to  COVID-19,  we  successfully  
broke  the  project  down  into  different  subsystems  which  each  team  member  worked  on  
individually.  This  allowed  for  most  members  to  get  hands-on  experience  with  prototyping.  
During  the  spring  term,  members  of  our  team  who  lived  near  campus  were  able  to  come  together  
to  assemble  a  full  prototype.  This  was  in  full  compliance  with  all  Santa  Clara  County,  California  
State,  and  CDC  health  guidelines.  We  were  able  to  stay  within  our  budget  and  all  phases  of  the  
project  did  not  exceed  $3000.   
  
2.6.3  Timeline  
Our  project,  over  the  course  of  the  year,  has  been  roughly  broken  down  into  these  major  
categories  for  each  quarter:   
● Fall  quarter  
● Project  planning  
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● Market  research  
● Concept  selection   
● Securing  project  budget/funding  
● Winter  Quarter  
● Prototyping/Testing  
● Design  Simulations/Analysis  
● Start  Thesis/Presentations 
● Spring  Quarter  
● Manufacture  final  product  
● Test  final  product  
● Senior  Design  Conference  Presentation  
● Compose  Thesis  
  
For  the  vast  majority  of  the  time,  we  remained  on  track  throughout  our  year-long  schedule  (refer  
to  Appendix  H).  The  most  significant  challenge  was  a  delay  in  obtaining  guaranteed  funding  
until  November  2020,  from  extremely  limited  access  to  laboratory  and  shop  space  because  of  
COVID-19  safety  restrictions,  and  weeklong  lead-times  between  ordering  or  sending  parts  and  
receiving  them.  While  some  of  our  prototyping  and  construction  with  physical  materials  ran  
behind  schedule  at  times,  we  still  completed  multiple  rounds  of  prototyping  and  assembled  our  
final  design.  
  
2.6.4  Design  Process  
Our  design  process  started  in  September  2020  with  a  broad  search  to  identify  as  many  potential  
solution  methods  as  possible.  The  refrigeration  options  we  explored  included  conventional  
vapor-compression  refrigeration,  evaporative  cooling,  zeolite  cooling,  Stirling  cycle  
refrigeration,  Reverse-Brayton  cycle  refrigeration,  and  thermoelectric  cooling.  The  power  
generation  options  we  explored  included  pneumatic  cylinders,  a  hub  electric  generator,  an  
electric  generator  that  clips  to  the  tire,  and  solar  power.   
18  
  
Once  options  were  identified,  we  researched  available  products,  patents,  design  journal  articles,  
and  textbooks  to  evaluate  the  feasibility  of  each  option.  When  possible,  we  conducted  low-cost  
testing  of  potential  solutions  using  scrap  materials  and  household  items.  We  conducted  
preliminary  tests  to  understand  bicycle  physics,  cooling  systems,  and  insulation.  Bicycle  
experiments  explored  the  energy  produced  by  an  average  bike  rider,  the  user  comfort  when  the  
weight  is  increased  and  when  riding  on  uneven  terrain,  and  the  aerodynamics  of  a  bicycle  in  
motion.  We  tested  the  efficiency  and  observed  the  general  performance  characteristics  of  
Thermoelectric  modules  to  conclude  that  they  are  feasible  for  our  use.  We  compared  commercial  
insulation  materials  by  testing  numerous  insulated  containers  available  on  the  commercial  
market.   
We  conducted  comprehensive  tests  of  the  thermoelectric  system,  power  conversion  system,  
electric  generation  system,  and  advanced  insulation  materials  from  December  2020  through  
April  2021.  Multiple  rounds  of  prototypes  were  assembled  and  tested.  Each  prototype  was  
designed  on  paper  or  using  CAD  models,  specific  parts  were  identified,  purchased,  and  
fabricated,  then  the  prototype  was  assembled  and  tested.  Individual  parameters  were  changed  
and  modifications  were  made  then  tested  and  compared  to  determine  the  best  approach.  
Our  design  prototyping  process  was  adapted  for  distributed  construction  of  subsystems  because  
of  limitations  on  physical  gatherings  caused  by  the  COVID-19  pandemic.  Because  it  was  unsafe  
to  meet  in  person  and  university-provided  laboratory  equipment  was  severely  restricted  during  
the  duration  of  the  project,  testing  was  limited  to  materials  we  could  purchase  and  equipment  
that  were  safe  to  operate  at  home.  One  or  two  methods  or  subsystems  were  delegated  to  each  
team  member  at  a  time.  At  the  start,  topics  were  frequently  reassigned  as  solutions  were  
eliminated.   
Starting  in  November  2020,  the  major  technologies  were  finalized.  Each  member  became  an  
expert  in  one  or  two  subsystems,  based  on  personal  interest  and  the  logistics  around  each  
person's  geographical  location.  Brooke  focused  on  the  insulation,  conducting  insulation  efficacy  
tests  and  constructing  box  prototypes  as  well  as  the  vaccine  holder  rack.  David  worked  primarily  
on  the  DC  generation  and  connection  to  the  mechanical  gears  and  chain  of  the  bicycle,  and  also  
performed  much  of  the  final  integration  assembly  of  the  bicycle  system.  Kerri-Ann  
reverse-engineered  a  commercial  Peltier  fridge,  performed  design  analysis  on  the  insulation  
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system,  and  designed  the  bike  mounting  and  holding  boxes.  Lindsay  designed  the  control  system  
circuit  and  microcontroller,  setting  up  a  system  that  can  activate  different  power  circuits  
depending  on  temperature,  and  integrating  the  electrical  storage  and  regulation  with  the  fridge.  
Brian  focused  on  thermoelectric  refrigeration,  testing  and  optimizing  the  thermoelectric,  heat  
sink,  and  fan  components.  Zachary  built  the  electrical  regulation  system,  testing  voltage  
regulators,  charge  controllers  and  batteries  to  safely  convert  the  power  levels  and  charge  the  
battery.  
Using  the  knowledge  gained  from  prototyping  and  experimenting,  we  optimized  each  subsystem  
from  our  respective  locations.  We  focused  on  the  overall  inputs  and  outputs  for  each  subsystem  
to  ensure  that  the  systems  were  compatible.  For  example,  we  carefully  matched  the  dimensions  
of  the  bike  rack,  holding  tray,  insulated  compartment,  and  refrigeration  components,  and  
measured  the  amount  of  electricity  produced  or  consumed  at  each  step  from  generation  to  
voltage  regulation,  switching  control,  and  refrigeration  to  ensure  that  the  correct  amount  of  
energy  was  supplied  to  each  component.  To  assemble  our  final  prototype  in  April  and  May  2021,  
we  built  subsystems  locally  then  shipped  or  hand-delivered  them  to  team  members  near  SCU  
campus  for  integration.  Thanks  to  careful  input  and  output  analysis,  the  final  prototype  
functioned  as  expected  despite  being  the  first  fully  assembled  system.  
  
2.6.5  Safety  Risks  and  Mitigations 
Safety  is  a  priority,  and  the  bicycle  refrigeration  system  faces  some  risks  during  the  
manufacturing,  testing,  and  operation  phases  of  the  design  process.  Potential  hazards  range  from  
electrical,  mechanical,  and  physical  hazards  as  well  as  hazardous  processes.   
The  electrical  hazard  we  dealt  with  was  the  use  of  batteries.  We  used  lithium-ion  batteries  which  
can  release  toxins  if  the  battery  breaks  or  can  result  in  an  explosion  if  the  battery  had  a  
manufacturing  defect  or  is  short-circuited.  To  mitigate  these  risks,  we  mounted  the  battery  in  a  
protective  container,  tested  it  on  its  own  to  identify  defects,  and  used  a  buck-boost  converter,  
voltage  regulators,  and  a  charge  controller  to  prevent  overcharging,  overdrawing,  and  
short-circuits.   
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During  manufacturing,  misuse  of  power  tools  and  equipment,  sharp  objects,  and  the  processes  of  
metal  fabrication  and  construction  can  lead  to  bodily  injury.  To  mitigate  this  risk,  we  operated  
these  tools  while  wearing  personal  protective  equipment  such  as  closed-toe  shoes,  long  pants,  
safety  glasses,  masks,  and  hair  ties.  All  work  requiring  the  use  of  higher-risk  power  tools  (drills  
and  bandsaws)  was  performed  in  the  SCU  Machine  Shop  for  supervision,  assistance,  and  insight  
to  avoid  injury.   
Another  mechanical  hazard  we  faced  included  machine  guarding.  To  generate  power  electrically,  
we  used  a  DC  motor,  located  between  the  main  and  rear  sprockets,  powered  by  a  secondary  
chain  attached  to  the  bike’s  rear  sprocket.  Both  the  main,  open  chain  system  and  the  secondary,  
open  chain  system  can  be  potential  pinch  points  while  installing  or  repairing  the  system  while  
riding  or  crashing  the  bike,  or  while  mounting  and  dismounting  the  bike.  To  prevent  this  risk,  we  
considered  using  a  hub  motor  or  pre-installed  motor/wheel  assembly  -  eliminating  the  need  for  
this  approach  to  achieve  electrical  power  generation.  Otherwise,  we  installed  the  motor  chain  to  
rest  close  to  the  center  of  the  bicycle  -  positioning  it  behind  the  frame  of  the  bicycle  and  the  
motor  bracket  so  the  operator  will  not  make  contact  with  the  chain  without  reaching  inside  of  the  
bike  frame  to  perform  maintenance.   
Bonding  and  grounding  pose  hazards  to  the  user  if  it  is  not  done  correctly.  This  could  lead  to  
electricity  not  flowing  properly,  components  being  overcharged  and  breaking,  or  components  
emitting  electrical  discharge.  To  create  a  safer  system,  all  electrical  components  were  off  and  
uncharged  during  bonding.  Bonding  sites  may  be  covered  and  reinforced  to  prevent  electrical  
discharge.  
A  hazard  related  to  cutting  foam  is  that  it  creates  debris,  airborne  particles  that  can  make  one’s  
throat  feel  scratchy  if  inhaled.  To  prevent  this  hazard,  we  wore  masks  when  cutting  the  foam  and  
worked  outdoors  or  under  a  fume  hood  to  prevent  inhalation  of  toxic  fumes.  
Because  our  system  involves  riding  a  bike,  there  is  a  vehicle  hazard.  The  user  may  crash  into  a  
stationary  or  moving  object,  injuring  themselves  and  the  system.  To  mitigate  this  risk,  we  tested  
the  system  in  an  unpopulated  area,  meaning  one  without  cars,  such  as  a  designated  bike  path  or  
on  personally-owned,  private  property.  Additionally,  no  matter  where  the  bike  was  tested,  the  
team  member  wore  a  helmet.  
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A  hazard  that  is  currently  affecting  everyone  is  COVID-19.  The  Coronavirus  can  be  transmitted  
through  direct  contact,  droplets,  and  airborne  particles.  The  common  effects  of  coronavirus  are  
difficulty  breathing,  high  fevers,  and  long-term  severe  cardiac,  neural,  and  respiratory  effects.  To  
mitigate  this  risk,  our  team  conducted  all  of  our  meetings  virtually  along  with  most  of  the  
prototyping,  construction,  and  testing  of  physical  components.  During  assembly  and  testing,  
team  members  followed  CDC  guidelines  in  maintaining  six  feet  apart  for  social  distancing  and  
wearing  masks  in  groups  of  three  or  fewer  people.  
  
The  Safety  Review  Form  was  completed  for  the  Senior  Design  course  and  for  the  
Environmental,  Health,  and  Safety  Department.  This  detailed  form  can  be  found  in  Appendix  I.  
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Chapter  3  Refrigeration  Subsystem   
The  primary  purpose  of  the  refrigeration  subsystem  is  to  provide  active  cooling  to  the  vaccines  in  
the  compartment.  It  removes  heat  from  the  compartment  to  allow  the  temperature  to  remain  in  
the  designated  safe  range.  To  meet  the  design  criteria,  the  refrigerator  subsystem  comprises  three  
major  subcomponents  described  in  detail  throughout  this  chapter.  Analysis  was  performed  to  
understand  heat  dissipation.  Experiments  compared  components  based  on  different  design  
criteria  to  optimize  the  system.  The  refrigeration  subsystem  is  integrated  into  the  insulation  
subsystem  and  relies  on  the  control  subsystem  and  power  generation  in  order  to  operate.   
  
3.1 Background  
These  components,  of  which  a  schematic  is  shown  in  Figure  6,  include  the  thermoelectric  
module,  heat  dissipating  heat  sinks,  and  heat  transfer  through  the  heat  pipe.  
  
Figure  6.  A  schematic  showing  the  major  components  and  the  travel  of  heat  through  the  




The  thermoelectric  system  takes  in  energy  from  the  power  generation  system  through  voltage  
regulation  and  the  control  system  regulates  temperature.  The  fans  are  always  on  when  the  system  
is  on,  and  the  Peltier  module  input  varies  to  ensure  proper  temperature.  The  refrigerator  internal  
fan  and  heat  sink  use  convection  to  carry  heat  out  of  the  contents,  then  heat  travels  out  of  the  
compartment  through  the  heat  pipe.  At  the  top  of  the  heat  pipe,  a  Peltier  module  transfers  heat  
from  the  heat  pipe  to  a  large  heat  sink.  A  fan  on  the  outer  heat  sink  creates  convection  necessary  
for  fast  heat  dissipation  to  the  environment.  
  
3.2 Refrigeration  Options  
From  more  than  five  potential  cooling  options,  the  most  promising  were  air  compression,  vapor  
compression,  evaporative  cooling,  and  thermoelectric.  We  evaluated  each  against  our  most  
critical  design  criteria:  fitting  in  a  container  no  larger  than  a  small  backpack  for  portability,  
weight  below  3  kilograms,  ruggedness  to  withstand  rough  road  conditions,  energy  consumption  
within  the  capabilities  of  the  power  generation  subsystem,  cost  less  than  $100,  and  performance  
sufficient  to  meet  vaccine  temperature  standards.  As  shown  in  Table  4,  we  found  that  most  of  our  
options  had  at  least  one  major  issue  that  made  meeting  our  design  specifications  impractical:  
they  were  either  too  large,  contained  toxic  refrigerants,  were  prohibitively  expensive,  or  suffered  
poor  performance.  The  most  attractive  option  was  thermoelectrics,  however  we  did  not  have  
sufficient  data  to  validate  their  performance.  Thus,  we  performed  a  series  of  experiments  to  
verify  that  they  perform  well  enough  to  maintain  the  required  temperature  for  vaccines.  The  
experiment  procedure  used  for  thermoelectric  tests  is  detailed  in  sections  3.4,  3.5,  3.6,  3.8,  and  
Appendices  J  and  K.  
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3.3 Thermoelectric  Cooling  
Thermoelectric  or  “Peltier”  modules  are  heat  pumps  using  the  Peltier  effect  in  which  a  direct  
current  through  semiconductor  couples  causes  one  junction  to  become  cold  and  the  other  
becomes  hot.  Figure  7  depicts  a  thermoelectric  module,  inside  which  semiconductor  pins  are  
sandwiched  between  a  pair  of  ceramic  plates.  When  current  goes  through,  it  acts  as  a  heat  pump,  
making  one  side  hot  and  the  other  cold.  
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Compression  





Small  size  &  weight   
(<  toaster)  
❌  ❌  ✓  ✓  
Sustainability:  Rugged  +  
Non-toxic  ✓  ❌  ✓  ✓  
Low  Energy 
Consumption  
(~cell  phone  charger)  
✓  ✓  ✓  ✓  
Affordable  (<  $100)  ❌  ❌  ✓  ✓  
High  Performance  ❌  ✓  ❌  ?  
  
  
Figure  7.  A  thermoelectric  module  and  a  schematic  showing  the  flow  of  charges  through  one  
semiconductor  couple  to  produce  a  heat  transferring  effect.  
  
As  the  current  moves  up  through  the  P-type  semiconductor,  the  positive  charges  go  with  the  
current.  Electrons  move  against  the  current  through  the  N-type  semiconductor.  In  the  refrigerator,  
this  upward  motion  causes  heat  to  flow  out  of  the  fridge  at  the  bottom  and  up  into  the  heat  sink  
on  top.  
We  categorized  Peltier  modules  by  two  main  criteria:  the  number  of  thermoelectric  leg  pairs  and  
B-factor.  The  B-factor,  Equation  1,  is  a  design  characterization  factor  using  different  parts  of  the  
geometry.  
  B = Amod2NG  (1)  
 G = L
Ac (2)  
Where  B  is  the  B-factor,   A mod ,  is  the  surface  area  of  the  ceramic  plate  surface  of  the  module,  and  
N  is  the  number  of  thermoelectric  leg  pairs.  A  thermoelectric  leg  pair,  or  couple,  consists  of  one  
P  and  one  N  semiconductor  pin  as  shown  in  Figure  7.  N  is  the  number  of  semiconductor  couples.  
The  geometric  factor,  G  (Equation  2)  compares  the  ratio  of  the  cross  sectional  area  of  one  leg,  
A c ,  with  the  leg  length,  L.  The  B-factor  was  computed  for  a  range  of  modules  in  Appendix  M.4.  
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The  cold  side  of  the  Peltier  module  is  connected  to  the  heat  pipe,  making  the  heat  pipe  cold  and  
conducting  thermal  energy  from  inside  the  compartment  to  the  outside.  To  continue  to  provide  a  
cooling  effect,  heat  must  be  removed  from  the  opposing  side  of  the  module.  The  fan  and  heat  
sink  dissipate  heat  from  the  hot  side  of  the  Peltier  to  the  environment,  and  the  temperature  
gradient  maintains  refrigerator  temperatures.   
Advantages  of  the  thermoelectric  cooling  system  are  that  the  Peltier  module,  heat  pipes,  heat  
sinks,  and  fans  combined  weigh  less  than  500  grams  and  contain  no  toxic  refrigerants,  no  high  
pressures,  and  no  moving  parts.  They  are  relatively  inexpensive;  the  Peltier  modules  cost  under  
$30  each.  Because  of  their  solid  nature,  the  modules  are  fairly  durable  and  are  unlikely  to  break  
if  dropped.  The  main  disadvantage  is  that  typical  thermoelectric  modules  are  less  efficient  than  
conventional  refrigeration.  Peltier  modules  require  a  consistent  electrical  input  in  order  to  
function  efficiently;  otherwise,  heat  can  conduct  backward  into  the  fridge  from  the  module  and  
heat  sink.  The  system  needs  strong  heat  dissipation  from  the  hot  side  to  prevent  overheating.  
  
3.4 B-Factor  Optimization  Experimental  Results  
To  develop  a  thermoelectric  cooling  system  that  is  efficient  enough  for  our  application,  we  
performed  a  set  of  tests  on  modules  of  varying  B-factor  to  understand  what  characteristics  are  
best  for  our  application.  The  experiment  consisted  of  placing  each  thermoelectric  module  into  the  
first  prototype,  then  incrementally  increasing  the  voltage  and  current  and  measuring  the  
temperature  difference  between  the  inside  and  outside  of  the  compartment.  Specific  test  
procedures  are  in  Appendix  J.  
Peltier  modules  have  a  diminishing  returns  type  performance  curve  as  shown  in  Figure  8  because  
increased  power  allows  it  to  transfer  more  heat  across,  but  the  added  power  causes  heat  
generation  within  the  module.  Thus,  at  high  power  inputs,  the  heat  generation  can  exceed  the  
benefit  of  increased  power  and  the  cooling  actually  decreases.  Optimal  performance  is  where  the  




Figure  8.  System  performance  of  modules  of  different  B-factor.  The  points  represent  the  
temperature  difference  between  the  outside  environment  and  the  inside  of  the  box  created  by  the  
module  at  steady-state  and  a  given  power  input.  
  
The  results  in  Figure  8  showed  that  a  module  of  B-factor  approximately  0.005  was  optimal  for  
our  application,  whereas  modules  of  both  larger  and  smaller  B-factors  performed  poorly  in  
comparison.  While  the  total  temperature  difference  does  not  yet  meet  the  target  in  this  early  
prototype,  the  performance  trends  between  different  elements  remain  consistent  as  the  prototypes  
are  optimized.  
  
3.5 Current  to  Voltage  Ratio  Experimental  Results  
Several  modules  with  B-factors  near  the  optimal  value  were  tested  to  further  optimize  the  design.  
The  results  in  Figure  9  show  that  these  modules  were  all  within  around  15%  of  each  other  in  




Figure  9.  Performance  curves  of  modules  with  similar  B-factor  and  varying  number  of  legs.  
  
When  the  current  to  voltage  ratio  of  the  modules  is  compared,  as  shown  in  Figure  10,  an  
increased  number  of  legs  causes  a  larger  voltage  at  a  lower  current.  The  voltage  regulation  
system  is  inefficient  at  converting  large  voltages  to  currents,  such  that  as  more  conversion  is  
necessary,  more  energy  is  lost.  We  compared  the  voltage  to  current  ratio  of  the  modules  to  the  




Figure  10.  The  current  to  voltage  ratio  of  the  same  modules  in  Figure  11.  
  
We  selected  the  module  shown  in  red,  a  Laird  CP  10-127-06,  with  the  ideal  combination  of  best  
performance  and  closest  match  to  the  generation  system.   
  
  
3.6 Low  Power  Mode  Experimental  Results  
A  test  was  performed  on  the  second  prototype  to  identify  a  lower  operating  point  to  prevent  
backflow  of  heat  through  Joule  heating  if  the  module  is  shut  off  once  the  fridge  reaches  the  
desired  cold  temperature  while  using  minimal  energy.  The  fridge  was  pre-cooled  to  a  set  
temperature,  then  the  current  into  the  Peltier  module  was  reduced.  The  temperature  was  recorded  
over  time  to  show  the  rate  of  decrease  and  the  steady-state  temperature.  Specific  details  about  the  





Figure  11.  (a)  The  temperature  difference  between  the  ambient  and  interior  of  the  compartment  
over  time  when  the  current  is  reduced  from  a  steady  state  of  1.50  amps.  (b)  Steady-state  power  
consumption  at  each  operating  mode.  
  
The  control  system  switches  to  a  standby  mode  when  the  temperature  is  6°C  inside  the  
refrigerator,  and  the  vaccines  must  stay  below  8°C.  Thus,  the  refrigerator  would  likely  exceed  the  
allowable  temperature  range  within  2  minutes  if  the  module  is  powered  off,  6  minutes  at  0.5  
amps,  and  10  minutes  at  1.0  amps.   Having  a  baseline  current  prevents  ultra-rapid  temperature  
increase.  Shutting  the  module  off  entirely  means  that  the  module  would  need  to  go  on  again  
within  around  two  minutes,  which  would  lead  to  constant  cooling  and  heating  of  the  contents.  
The  steady-state  holding  temperature  at  the  reduced  values  is  similar  to  the  value  recorded 
during  the  increasing  current  testing  described  in  the  prior  section,  such  that  the  operating  curve  
can  be  used  to  select  a  power  level  that  keeps  at  least  60%  of  the  peak  temperature  difference  and  
has  a  relatively  efficient  power  consumption  per  degree  of  cooling.  
  
  
3.7 Heat  Conduction  
The  thermoelectric  module  and  cooling  source  is  on  the  outside  of  the  box,  but  the  heat  must  be  
removed  from  inside.  To  remove  the  heat  from  inside  without  opening  a  large  hole  through  
which  heat  could  leak  in,  a  highly  conductive  material  runs  through  the  wall  connecting  the  
Peltier  module  and  the  inside  contents.  A  heat  pipe  is  a  thin,  highly  conductive  device  used  to  
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transmit  thermal  energy.  
  
The  vapor  chamber  heat  pipe  shown  in  Figure  12  uses  evaporation  and  condensation  to  help  
transfer  heat  through  the  material.  Heat  evaporates  the  fluid,  causing  the  vapor  to  rise  to  the  top  
of  the  heat  pipe.  At  the  top,  the  heat  transfers  out  of  the  heat  pipe,  cooling  the  fluid  so  it  
condenses  and  falls  back  to  the  bottom  of  the  heat  pipe.  In  our  refrigerator,  the  bottom  of  the  heat  








3.8 Heat  Dissipation  
Heat  dissipation  from  the  thermoelectric  module  is  performed  by  two  components,  the  main  heat  
sink  and  the  fan.  The  main  heat  sink  conducts  heat  from  the  thermoelectric  module  to  the  fins,  
where  it  is  released  to  the  environment  through  convection.  The  large  fan  helps  increase  the  
convection  rate.  Poor  heat  dissipation  causes  the  hot  side  of  the  thermoelectric  module  to  become  
very  hot,  such  that  even  a  large  temperature  difference  across  the  module  will  not  be  sufficient  to  
keep  the  contents  cool.   
  
Thermal  modeling  was  performed  in  SolidWorks  on  five  heat  sinks  at  different  convective  heat  
transfer  coefficients.   
  
  
Figure  13.  A  sample  SolidWorks  FEA  temperature  plot  of  the  heat  sink  used  in  our  design.  The  
red  square  at  the  bottom  represents  the  hot  side  of  the  Peltier  module  as  a  heat  source.   
  
  
In  the  simulations,  the  maximum  temperature  is  in  the  center  of  the  module,  on  the  side  touching  






Figure  14.  A  comparison  of  the  thermal  finite  element  model  results  for  the  temperature  on  the  
hot  surface  of  the  thermoelectric  module  for  the  largest  and  smallest  heat  sinks  at  different  
convective  heat  transfer  coefficients.  
  
The  graph  in  Figure  14  shows  the  finite  element  model  performance  of  two  heat  sinks.  The  larger  
heat  sink  kept  the  surface  at  a  cooler  temperature  especially  at  low  convection  rates.  Convection  
coefficient  has  a  large  impact  until  about  50W/m 2 K  as  increased  airflow  causes  the  heat  to  
transfer  to  the  air  faster.  However,  additional  convection  has  minimal  benefit  once  the  air  leaves  
the  heat  sink  at  about  the  same  temperature  it  entered  at.  The  optimal  range  is  a  convective  heat  
transfer  coefficient  of  about  50W/m 2 K,  such  that  excessive  fan  power  is  not  used.  A  large  heat  
sink  is  preferred  because  even  at  that  range,  it  provides  at  least  a  few  degrees  Celsius  advantage  
over  the  smaller  heat  sink.   
  
We  performed  experiments  on  five  different  heat  sinks  on  top  of  the  Laird  CP  10-127-06  module  
on  the  first  prototype  using  the  increasing  amperage  procedure  in  Appendix  J  to  compare  cooling  
performance.  This  showed  the  optimal  tradeoff  between  lighter  weight  from  smaller  heat  sinks,  
and  increased  performance  from  larger  ones.  The  heat  sinks  tested  are  depicted  in  Figure  15  and  







Figure  15.  The  heat  sinks  tested.  
  
The  mass  of  the  heat  sinks  was  compared  in  Figure  16  to  help  understand  how  much  weight  
impacts  performance.  
  
Figure  16.  The  mass  of  each  heat  sink  is  in  grams.  A  lighter  heat  sink  is  preferred  to  reduce  the  
weight  of  the  system.  
  




Figure  17.  Performance  curves  for  each  heat  sink.  
  
A  similar  maximum  performance  of  about  10°C  temperature  difference  was  attained  by  the  black  
square,  round,  and  90x90x15  heat  sinks.  The  two  largest  heat  sinks,  100x69x36  and  90x80x27  
both  achieved  about  a  13.5°C  temperature  difference  at  10W  power  input.  In  the  trade-off  of  
efficacy  versus  mass,  a  performance  increase  of  3-4°C  is  much  more  significant  compared  to  a  
less  than  0.2  kilogram  weight  increase.  The  90x80x27  heat  sink  was  selected  because  it  has  a  
high-temperature  difference  and  its  geometry  best  matches  the  overall  design  of  the  
compartment.  
  
The  fan  speed  also  had  a  large  effect  on  the  results.  Three  major  fan  configurations  were  tested  
with  the  90x80x27  heat  sink  and  the  Laird  CP  10-127-06  module  on  the  second  compartment  
prototype.  The  first  was  a  large  fan  from  the  side  in  Figure  18(a)  providing  very  weak  
convection,  similar  to  that  provided  by  wind  outdoors.  We  initially  hoped  that  natural  convection  
from  wind  and  air  resistance  when  riding  would  be  sufficient  to  cool  the  heat  sink.  Two  fans  





        
Figure  18.  Second  prototype  with  (a)  Large  side  fan.  (b)  The  0.25A  top  fan.  (c)  The  0.45A  top  
fan.  
  
Fan  selection  made  a  larger  difference  in  performance  compared  to  small  modifications  to  the  
compartment.  Figure  19  compares  the  results  of  five  tests.  The  initial  test  was  with  the  baseline  
heat  sink  and  the  large  slow  side  fan.  The  taped  seams  test  modified  the  box  prototype  by  putting  
tape  over  all  of  the  seams  in  the  wood  frame  to  reduce  air  leakage,  however  the  performance  
decreased,  likely  a  result  of  varying  ambient  conditions.  This  shows  that  the  tape  had  negligible  
effect.  Using  the  0.25  amp  fan  inside  the  laboratory  space  yielded  a  20%  improvement  over  the  
baseline  test,  demonstrating  the  findings  in  the  thermal  model  that  increased  convection  at  low  
convection  rates  makes  a  significant  difference.  The  0.45  amp  fan  increased  the  temperature  
difference  further  still,  by  an  additional  10%,  but  shows  diminishing  returns  at  higher  convection  
rates.  The  final  0.45  amp  fan  outdoors  test  shows  how  variations  in  ambient  conditions,  such  as  







Figure  19.  The  performance  of  the  second  prototype  with  different  design  changes.  The  “Initial”  
and  “Taped  Seams”  tests  used  the  slow  side  fan.   
  
The  current  to  voltage  ratio  remained  roughly  constant  throughout  the  entire  set  of  experiments  
on  the  Laird  CP  10-127-06  module,  as  shown  in  Figure  20.  This  is  ideal  because  consistent  
power  consumption  means  that  the  output  from  the  electrical  subsystem  can  be  optimized  for  a  
single  value  and  it  is  not  at  risk  of  breakage  from  inconsistent  electrical  load.  
  
  
Figure  20.  Current  to  voltage  ratio  of  the  Laird  CP  10-127-06  module  was  consistent  through  all  
tests,  even  with  varying  box  and  ambient  temperature  conditions.   
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3.9 Prototypes  &  Final  Design  
Three  major  prototypes  were  assembled  and  tested.  The  first  generation  prototype,  Figure  21,  
used  a  prefabricated  styrofoam  shipping  cooler  box,  with  a  hole  cut  in  the  top  to  fit  the  heat  pipe  
and  other  components.  
    
Figure  21.  (a)  The  experimental  setup  of  the  first  prototype,  including  a  DC  Power  supply,  
insulated  box,  a  heat  sink,  fan,  Arduino,  DHT22  sensor,  data  acquisition  system.  (b)  The  interior 
of  the  first  prototype.  
  
The  second  generation  prototype,  Figure  22,  used  the  optimized  insulation  system  we  developed  
through  our  own  research  and  testing  which  will  be  discussed  in  the  following  Compartment  
Chapter.  It  used  a  wooden  box  constructed  using  the  laser  cutter  in  the  Santa  Clara  University  




    
Figure  22.  The  second  prototype,  with  a  custom-built  wooden  box,  layered  foam  insulation  
walls,  (a)  exterior  and  (b)  interior.  
  
The  third  and  final  prototype  in  Figure  23  used  the  foam,  Insul  Bright,  and  wood  construction  of  
the  second  prototype,  but  the  structure  was  redesigned  to  open  from  the  side  to  avoid  having  a  
cut-out  for  the  heat  pipe  and  heat  sink  on  the  same  face  as  the  compartment  opening.  The  heat  
pipe  was  moved  to  the  middle  for  more  uniform  heat  distribution.  Precisely  dimensioned  holes  





    
    
Figure  23.  The  final  prototype.  (a)  The  thermoelectric  and  heat  pipe  refrigeration  system.  (b)  
The  open  box  showing  the  compartment  interior.  (c)  Top  view  showing  the  clasps  and  top  fan.  
(d)  Side  view  of  the  open  box  showing  the  heat  pipe  and  heat  sink  profile.  
  
When  tested  with  the  Laird  CP  10-127-06  module  using  the  procedure  from  Appendix  J,  the  
custom  made  prototypes  both  had  similar  performance  and  the  initial  styrofoam  prototype  fared  
comparatively  poorly,  as  shown  in  Figure  24.  The  matching  performance  of  the  third  prototype  
showed  improvement  because  it  was  larger:  5.75  liters  compared  to  4.68  liters  of  the  second  
prototype,  yet  used  the  same  amount  of  electricity  to  attain  the  same  temperature  difference.  The  
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first  prototype  was  only  3.3  liters,  yet  did  not  perform  as  well  because  the  insulation  quality  and  
sealing  were  inferior.  
  
  
Figure  24.  A  comparison  of  the  experimental  performance  of  each  prototype.  The  third  
prototype  was  5.75  liters,  the  second  prototype  was  4.68  liters,  and  the  first  was  3.3  liters.  
  
From  the  power  and  temperature  difference  data  for  the  final  prototype,  a  set  of  operating  points  
for  a  low  power  efficiency  mode,  regular  cooling,  and  a  maximum  cooling  mode  were  identified  
in  Table  5.  The  refined  operating  points  will  be  used  by  the  control  and  power  supply  subsystems  
to  determine  inputs  to  the  system.  The  super  cooling  mode  was  selected  because  the  voltage  
nearly  matches  the  12  volts  output  of  the  power  generation  system,  reducing  the  losses  from  









Table  5.  Operating  point  options  for  the  final  prototype.  
  
  
3.10 Conclusion  
The  refrigerator  system  provides  reliable  cooling  of  vaccines  to  the  temperature  range  of  2  to  
8°C  while  using  under  20  watts  of  power  for  regular  operation.  To  optimize  the  system  to  
achieve  this  performance,  thermoelectric  modules  were  optimized  according  to  B-factor  and  
number  of  legs.  Numerous  prototype  configurations  were  tested  in  which  the  thermoelectric  
module,  heat  sink,  heat  pipe,  fan,  or  compartment  were  changed  to  compare  performance.  A  
combination  of  a  large  heat  sink  and  a  powerful  fan  are  necessary  to  provide  sufficient  heat  
dissipation  for  the  system.  The  final  refrigeration  prototype  can  maintain  a  nearly  20°C  
temperature  difference  for  a  5.75  liter  container.  The  following  section  discusses  the  
compartment  design  and  prototypes,  as  well  as  additional  systems  necessary  for  storing  vaccines  
effectively.  
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  Current  [A]  Voltage  [V]  Power  [W]  Delta  T  [°C]  
Super  Cooling  2.25 11.9 26.8 19.9 
Regular  Cooling  1.75 9.1 15.9 18.5 
Energy  Saving  1.00 5.1 5.1 11.9 
  
Chapter  4    Vaccine  Storage  Subsystem  
The  main  requirements  for  this  subsystem  are  to  create  a  compartment  that  is  well  insulated  to  
hold  a  refrigeration  temperature  of  2  to  8 °C ,  ensure  the  insulation  is  adequate  to  aid  in  the  
cooling  process  but  not  use  so  much  insulation  that  it  adds  unnecessary  weight,  and  to  maximize  
the  number  of  vaccine  vials  we  can  protect  and  hold  while  also  considering  the  efficiency  of  the  
refrigeration  subsystem.  There  are  also  outlines  on  WHO  specifications  for  closures,  hinges,  and  
an  insulated  lid  for  the  vaccine  vial  compartment.  Our  compartment  has  a  volume  of  over  5  liters  
and  can  carry  36  vaccine  vials.   
  
4.1  Compartment   
To  develop  our  design,  we  tested  lunch  bags,  coolers,  and  backpacks  we  had  at  home.  From  
there,  we  selected  prototype  materials  like  Insul-Bright  and  polyurethane  foam.  Testing  and  hand  
calculations  were  performed  for  various  thicknesses  of  polyurethane  foam  to  determine  the  most  
cost-effective  wall  thickness.  For  our  final  prototypes,  we  considered  a  hard-shell  for  extra  
protection.  
  
4.1.1  Background   
Polyurethane  foam  is  a  promising  candidate  for  one  layer  of  insulation.  It  is  a  low-density  
flexible  polymer  foam  that  can  absorb  shock,  providing  protection  to  the  goods  inside  of  the  
compartment,  and  it  is  a  good  insulator.  A  layer  inside  of  the  polyurethane  foam  will  be  
Insul-Bright.  This  polyester  material  is  commonly  used  in  DIY  projects  for  oven  mitts  and  
insulated  lunch  bags  because  it  has  a  mylar  exterior  that  will  reflect  cold  back  into  the  
compartment.   
Another  insulation  material  we  considered  using  was  the  denim  material  used  in  jeans.  Jeans  are  
environmentally  friendly  because  they  can  be  recycled  from  old  and  used  clothes.  The  issue  with  
jeans  is  that  the  fabric  is  made  differently  depending  on  the  company  and  style,  meaning  that  
they  will  have  different  insulation  performances,  so  we  decided  to  not  pursue  using  jeans  as  a  
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layer  in  our  solution.  In  some  of  the  earlier  prototypes,  we  used  aluminum  foil  as  the  innermost  
layer  of  insulation  to  reflect  cold  back  into  the  compartment.  While  this  layer  aided  the  
compartment  in  maintaining  its  cool  temperature,  this  additional  retention  was  not  significant  
enough,  only  0.5 °C  cooler,  to  warrant  keeping  it.  Additionally,  the  aluminum  foil  was  causing  
problems  of  adhesion  to  the  Insul-Bright  since  the  material  is  so  thin  and  tears  easily.   
Though  we  were  hesitant  at  first  to  design  a  compartment  with  a  hard-shell  due  to  it  possibly  
damaging  vaccine  vials  because  of  its  rigidity  and  the  weight  it  would  add  to  the  bicycle,  we  
believe  a  hard-shell  is  necessary  for  our  design.  Birch  wood  was  chosen  as  the  hard-shell  
material,  protecting  the  compartment  in  case  of  crash,  whereas  a  soft-shell  compartment  would  
likely  collapse  and  actually  provide  less  impact  protection  to  vaccine  vials.  The  birch  wood  we  
used  is  only  1/4  inch  thick  so  it  is  not  too  heavy  and  will  not  greatly  impact  the  rider’s  comfort.   
  
4.1.2  Testing  
From  preliminary  insulation  testing  of  various  compartments  such  as  styrofoam  coolers,  grocery  
bags,  and  Yeti  coolers,  we  learned  that  thicker-walled  containers  are  better  insulators  (Figure  25).  
Over  the  course  of  two  hours,  we  measured  the  temperature  difference  between  a  cup  of  water  
inside  the  bag  and  a  cup  of  water  outside  the  bag.  A  larger  temperature  difference  meant  that  the  
insulation  was  more  effective.  The  experimental  procedure  and  at-home  bag  dimensions  can  be  





Figure  25.  Number  of  degrees  cooler  the  water  inside  each  common  insulated  bag  was  relative  
to  an  uninsulated  control  water  sample  at  1  and  2  hours.   
  
Our  first  prototype  materials  reflected  materials  used  in  some  of  the  best  performing  bags  in  our  
common  consumer  compartments  testing  as  well  as  materials  chosen  from  researching  different  
insulating  materials.  These  materials  we  chose  for  our  first  prototype  from  inside  to  outside  were  
aluminum  foil,  Insul-Bright,  polyurethane  foam,  and  non-woven  polypropylene.  Once  we  
selected  the  first  prototype  materials,  we  performed  the  same  testing  on  various  thicknesses  of  
polyurethane  foam,  ranging  from  1.0  to  2.5  centimeters.  Figure  26  shows  the  testing  results  for  




Figure  26.  Temperature  difference  between  a  water  sample  inside  polyurethane  foam  coolers  of  
increasing  foam  thickness  compared  to  an  uninsulated  control  water  sample.   
  
4.1.3  Analysis  
Thermal  resistance  and  heat  transfer  of  different  thicknesses  of  polyurethane  foam,  the  main  
insulation  layer,  was  calculated  to  determine  what  combination  yields  the  best  tradeoff  between  
maintaining  the  temperature  inside  of  the  container  while  reducing  weight  and  cost.  We  expected  
that  the  compartment’s  thermal  resistance  would  rise  as  the  thickness  of  the  foam  increased.  
Because  of  this,  we  also  expected  the  heat  loss  of  the  bag  over  time  to  decrease  with  increased  
thickness.  The  internal  volume  of  the  compartment  remained  at  a  constant  5.75  liters  throughout  
these  calculations.  Therefore,  there  is  a  trade  off  between  greater  thermal  resistance  -  which  will  
keep  the  compartment  cool  -  and  larger  surface  area  -  which  will  lead  to  more  area  for  heat  loss  -  
as  the  thickness  of  the  polyurethane  foam  walls  increase.  We  expected  that  the  graph  of  thickness  
versus  thermal  resistance  would  be  represented  by  a  logarithmic  pattern  as  shown  in  Figure  27  
and  the  graph  of  thickness  versus  heat  loss  would  be  the  inverse  as  shown  in  Figure  28.  
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Therefore,  at  a  certain  thickness,  the  thermal  benefit  eventually  plateaus,  meaning  that  increasing  
the  thickness  further  will  not  greatly  improve  how  well  the  temperature  of  the  compartment  is  
maintained.  This  pivotal  thickness  occurs  at  about  2.0  centimeters.  Refer  to  the  Hand  
Calculations  and  Common  Consumer  Compartments  Insulation  Testing  in  Appendices  L  and  
M.1  to  see  testing  and  how  Figures  27  and  28  were  calculated.  We  can  also  see  this  trend  
reflected  in  Figure  26  for  temperature  testing.  There  is  no  substantial  temperature  difference  
between  higher  thicknesses  of  polyurethane  foam,  so  we  were  able  to  experimentally  see  the  
plateau  and  select  2.0  centimeter  thick  polyurethane  foam  for  further  prototypes.  
  





Figure  28.  Heat  loss  through  the  compartment’s  faces,  edges,  and  corners,  as  well  as  by  
convection  on  the  inside  and  outside  of  the  compartment  versus  thickness  of  the  polyurethane  
foam  walls.  
  
Thermal  analysis  was  also  run  on  1.0  and  2.0  centimeter  thick  walls  to  confirm  these  
calculations.  Figure  29  shows  the  thermal  analysis  results  with  1.0  centimeter  on  the  left  and  2.0  
centimeter  on  the  right.  To  simulate  the  model,  we  created  a  thermal  study  with  natural  
convection  (5W/m 2 K)  on  the  inside  and  outside  of  the  compartment.  Within  the  natural  
convection  thermal  load,  an  ambient  temperature  of  18.3 °C  (65 °F )  was  applied.  On  the  inside  of  
the  compartment,  the  thermal  load  of  convection  included  a  5 °C  (41 °F)  temperature  to  simulate  
the  temperature  of  the  compartment  after  pre-cooling.  When  creating  the  thermal  study,  we  were  
unable  to  clearly  see  the  temperature  gradient  with  the  lid  on.  We  decided  to  remove  the  lid  and  
simulate  the  lid  by  removing  the  thermal  load  from  faces  that  would  be  in  contact  with  the  lid.  
After  combatting  this  issue,  we  were  able  to  create  an  accurate  thermal  study  seen  in  Figure  29.  
We  knew  that  lower  heat  transfer  from  the  outside  to  the  inside  of  the  compartment  was  preferred  
because  it  indicates  the  compartment  will  stay  within  the  viable  temperature  range  longer.  The  




Figure  29.  Thermal  analysis  results  of  (a)  1.0  and  (b)  2.0cm  thick  polyurethane  walls .  
  
4.1.4  Final  Compartment  Design  
For  our  design,  we  have  created  a  compartment  with  multiple  layers  to  provide  acceptable  
insulation.  To  provide  complete  protection  to  the  goods,  all  walls,  including  the  top  and  bottom 
of  the  compartment,  are  lined  with  this  multilayer  insulation  solution.  Figure  30  shows  the  layers  
and  their  thickness  while  Figure  31  shows  the  CAD  for  the  final  design.  For  assembly  drawings,  




Figure  30.  A  section  of  the  compartment  wall  with  three  layers  and  their  thicknesses.  
  
  




To  take  WHO  specifications  into  consideration,  we  used  metal  latches  and  hinges  for  closures.  
On  top  of  the  compartment,  there  is  a  space  for  the  heat  pipe,  heat  sink,  and  fan  and  the  insulated  
compartment  lid  opens  down  from  the  side  past  90  degrees  for  ease  of  access  to  the  vaccines.  
The  final  capacity  of  our  compartment  is  5.75  liters  at  a  weight  of  2.27  kilograms,  or  5  pounds.  
Figure  32  shows  images  of  our  final  prototype.  
  
  Figure  32 .  Our  final  prototype  for  the  compartment.  (a)  Open  side  view,  (b)  open  top  view,  (c)  
closed.   
  
4.2  Vaccine  Holder  
The  goal  is  to  maximize  the  number  of  vaccine  vials  that  can  be  transported  within  the  
compartment  while  not  overcrowding  the  space  so  vaccines  do  not  collide  with  each  other  during  
52  
  
transport  or  inhibit  exposure  to  the  cool  air  dissipated  by  the  heat  pipe.  Our  vaccine  holders  
allow  for  up  to  36  vials  with  approximate  size  3  centimeters  in  diameter  by  6  centimeters  tall  to  
be  held  within  our  compartment.  
  
4.2.1  Background   
One  goal  of  our  vaccine  holder  was  to  maximize  the  number  of  vaccines  it  can  carry.  This  meant  
exploring  different  configurations  of  the  vaccine  vials.  The  team  decided  we  did  not  want  vials  
directly  lying  down  or  standing  on  each  other  because  movement  of  the  vaccines  would  cause  
collision  and  breakage  of  the  vials.  Therefore,  we  chose  a  multi-layered  design  for  the  vaccine  
holder  which  included  some  sort  of  separator  between  vials  on  all  sides.  Configurations  of  vials  
lying  down  led  to  3  layers  of  4  vials  per  stack  while  configurations  of  vials  standing  led  to  2  
layers  of  9  vials  per  stack.  With  consideration  for  the  heat  pipe  in  the  middle  of  the  compartment,  
two  stacks  were  able  to  fit  into  the  compartment  for  both  configurations.   
Besides  preventing  breakage,  it  was  also  important  for  air  to  circulate  effectively  throughout  the  
container  so  all  vaccines  remained  viable.  The  team’s  earlier  decision  of  separating  vaccine  vials  
from  each  other  helped  to  achieve  this  goal  because  air  would  be  able  to  pass  through  the  space 
between  vials.  To  further  increase  efficiency  of  air  flow,  the  team  explored  cutting  holes  into  
each  layer  of  the  vial  holder.  
  
  
4.2.2  Testing  &  Analysis  
Using  a  functional  prototype  of  the  vaccine  holder  as  seen  in  Figure  33,  a  test  was  conducted  
regarding  how  effective  holes  in  the  bottom  of  each  vaccine  holder  layer  were  in  evenly  
maintaining  the  compartment's  temperature.  Theoretically,  these  holes  are  important  because  
they  allow  for  improved  airflow  throughout  the  container,  making  sure  each  vial  is  exposed  to  
and  remains  within  the  required  temperature  of  2  to  8 °C  to  stay  viable.   
  
Figure  33  depicts  the  functional  prototype  of  the  vaccine  holder  and  the  testing  setup.  Both  the  
functional  prototype  of  the  vaccine  holder  and  the  compartment  used  in  this  test  are  early  
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prototypes  that  demonstrate  the   function  of  the  holes  cut  out  in  the  bases  of  the  vial  holders.  A  
vial  holder  prototype  was  constructed  out  of  cardboard  to  fit  into  an  old  compartment  prototype.  
This  vial  holder  prototype  consists  of  three  layers  with  a  shelf  separating  each  layer.  In  the  first  
test,  nine  square  holes  were  cut  into  the  separators  while  in  the  second  test,  these  holes  were  
covered  to  mimic  a  solid  piece  of  cardboard.  Vaccine  vials  were  represented  by  cardboard  rolls  
and  battery  cases.  The  vaccine  holder  was  placed  inside  of  the  compartment  with  both  solid  
walls  of  the  vaccine  holder  flush  against  the  walls  of  the  compartment.  Two  temperature  sensors  
were  placed  on  the  bottom-most  shelf,  one  nearest  the  heat  pipe,  and  another  opposite  it  to  record  
the  temperature  difference  between  vials  at  these  locations.  
  
   
  
Figure  33.  Vaccine  holder  airflow  testing  setup.  (a)  Functional  prototype  of  vaccine  holder  with  
stand  in  cardboard  rolls  and  battery  cases  to  represent  vaccine  vials.  (b)  Temperature  sensors  
located  on  the  front  and  back  of  the  middle  shelf  to  record  temperature  nearest  and  furthest  away  
from  the  heat  pipe.  
  
  
The  results  are  shown  in  Figure  34.  Without  the  holes,  there  is  a  1.5 °C  difference  between  the  
vials  nearest  the  heat  pipe  versus  those  furthest  away  from  it.  With  the  holes,  this  difference  is  
reduced  by  60%,  resulting  in  a  negligible  temperature  difference  among  the  vials  at  different  
locations  in  the  compartment.  This  seemingly  small  change  is  actually  very  significant  since  the  
54  
  
temperature  range  to  keep  vaccines  viable  is  so  narrow.  Therefore,  the  holes  encourage  air  flow  
throughout  the  entire  compartment,  assisting  in  keeping  the  vials  within  2  to  8 °C .  
Figure  34.  Test  results  vaccine  holder  with  versus  without  holes.  A  smaller  temperature 
difference  is  desired.  
  
4.2.3  Final  Vaccine  Holder  Design  
The  final  compartment  can  hold  up  to  36  vials  evenly  distributed  between  2  stacks  with  one  
stack  placed  on  either  side  of  the  heat  pipe,  separated  by  a  divider.  One  vial  holder  stack  can  be  
broken  up  into  two  layers  as  shown  in  Figure  35.  Each  layer  holds  9  vaccine  vials  estimated  at  3  
centimeters  in  diameter  by  6  centimeters  tall  standing  up.  The  frame  of  the  vial  holder  is  made  of  
acrylic  as  opposed  to  wood  since  plastic  is  a  common  material  used  to  hold  other  equipment  like  





Figure  35.  One  set  of  the  stacked  vial  holders.  (a)  Real  vial  holders,  (b)  CAD  of  vial  holder  stack  
with  a  vial,  (c)  vial  holder  stack  separated  into  top  and  bottom  layer.  
  
For  stability  of  the  structure,  the  top  layer  is  blocked  from  moving  in  all  4  directions.  Side  pieces  
only  attached  to  the  top  layer  shown  in  the  right  image  of  Figure  35,  prevent  the  top  layer  from  
sliding  to  the  left  and  right.  To  explain  how  the  top  layer  is  prevented  from  sliding  over  the  walls  
of  the  bottom  layer,  Figure  36  shows  the  top  layer  without  these  side  pieces.  The  red  base  piece,  
which  is  a  copy  of  the  blue  base  piece,  falls  between  the  walls  of  the  bottom  layer,  thus  holding  
the  top  layer  in  place.   
  
    
  
Figure  36.  (a)  Isometric  view  of  top  layer  with  side  pieces  removed.  (b)  Side  view  of  top  and  
bottom  layer  without  side  pieces.  The  red  piece  fits  between  the  walls  of  the  layer  below  it  to  




For  safety  of  the  vials,  a  mesh  made  of  brass  rods  separates  each  vial.  These  sturdy  rods  are  put  
together  so  that  there  is  enough  space  to  easily  slide  the  vials  between  the  rods,  but  a  tight  
enough  space  so  the  vials  do  not  jostle  around.  Given  that  the  vaccine  vials  are  3  centimeters  in  
diameter,  a  clearance  of  1mm  on  all  sides  of  the  vial  was  given  to  achieve  this.  Two  mesh  are  
used  per  layer  because  one  mesh  would  allow  for  the  vial  to  easily  slip  out  above  or  below  it.  
  
In  response  to  the  testing  of  holes  increasing  the  refrigerator’s  ability  to  keep  all  vaccine  vials  
within  the  required  temperature  range  of  2  to  8 °C ,  our  final  design  includes  12  staggered  holes  in  
the  base  of  each  layer  of  the  vaccine  holder.   Our  final  vaccine  holder  optimizes  the  number  of  
vaccine  vials  we  can  hold  in  our  compartment,  prevents  the  breakage  of  vials  if  they  were  to  hit  
each  other  during  transportation,  and  circulates  the  air  in  such  a  way  that  all  vaccines  are  
exposed  to  the  cooling  effects  of  the  heat  pipe,  so  that  they  may  remain  viable  during  the  final  
steps  in  the  cold  chain  before  being  administered  to  patients.  
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Chapter  5    Control  Subsystem  
Properly  regulating  the  temperature  of  the  compartment  is  crucial  to  ensuring  the  vaccines  stay  
within  the  viable  temperature  range  of  2-8 °C .  The  control  system  must  be  able  to  respond  
quickly  to  temperature  changes,  enable  switching  between  a  high  voltage  and  a  low  voltage  
power  supply,  and  provide  the  user  a  way  to  monitor  the  temperature  of  the  compartment  in  real  
time.  
  
5.1 Background  
Our  design  utilizes  a  positive  feedback  control  system  with  a  temperature  sensor  and  
microcontroller  in  order  to  regulate  the  temperature  of  the  compartment.  A  diagram  of  the  entire  
control  system  is  shown  in  Figure  37.  The  Peltier  and  temperature  sensor  lie  within  the  
compartment  which  is  represented  by  the  box  of  dashed  blue  lines.   
  




5.2 Controls  
In  order  to  regulate  the  temperature  of  the  compartment,  we  decided  to  use  an  Arduino  Uno  
connected  to  a  DHT22  temperature  and  humidity  sensor.  When  choosing  a  temperature  sensor,  
we  wanted  one  that  also  offered  humidity  readings,  was  inexpensive,  could  easily  be  integrated  
with  a  development  board,  and  had  a  wide  enough  temperature  range  for  our  application.  After  
testing  several  sensors,  we  decided  to  go  with  a  DHT22,  which  has  high  resolution,  a  
temperature  range  of  -40  to  80 °C ,  and  is  accurate  to  within  half  a  degree  Celsius.  The  logic,  
shown  in  its  simplest  form  in  Figure  38,  works  such  that  if  the  temperature  measured  by  the 
sensor  inside  the  compartment  is  greater  than  6 °C ,  it  will  trigger  the  electrical  regulation  system  
to  go  into  high  power  mode,  which  means  the  Peltier  module  will  be  supplied  with  12  volts  of  
power.  If  the  temperature  is  less  than  6 °C ,  then  the  Peltier  module  is  run  in  standby  mode  which  
means  it  is  continually  supplied  with  low  voltage,  in  our  case  4  volts.  This  occurs  via  a  single  
channel  relay  that  works  as  a  SPDT  switch.  The  Peltier  module  is  connected  to  the  COM  port  of  
the  relay,  the  high  voltage  source  is  connected  to  the  NO  port  of  the  relay,  and  the  low  voltage  
source  is  connected  to  the  NC  port  of  the  relay.  The  switch  allows  for  the  toggling  between  the  
two  voltage  sources.  The  switch  system  was  designed  to  prevent  the  Peltier  module  from  
constantly  being  turned  on  and  off,  also  known  as  thermal  cycling,  which  adds  stress  to  the  
system  and  can  decrease  efficiency  as  well  as  damage  the  Peltier  module.  It  should  be  noted  that  
the  Arduino  and  all  other  electrical  components  and  modules  are  connected  in  parallel  to  the  4  





Figure  38.  Compartment  temperature  regulation  pseudocode.  
  
5.3 Interface  &  Data  Storage  
The  ability  for  the  bike  user  to  monitor  the  temperature  of  the  compartment  is  crucial  to  confirm  
the  system  is  working  properly  and  vaccines  are  still  viable  while  in  transport.  Not  only  should  
the  temperature  be  accessible  in  real  time,  but  the  data  should  be  stored  such  that  it  is  easily  
accessible  later.  We  designed  our  data  monitoring  and  storage  system  using  an  ESP8266  module,  
which  is  both  a  Wi-Fi  and  Bluetooth  module,  integrated  with  Blynk,  an  IoT  platform,  to  provide  
a  simple  way  to  monitor  this  temperature.  We  created  a  mobile  app  connection  and  interface  that  
displays  the  temperature  inside  the  compartment  in  real  time.  The  ESP8266  reads  in  the  DHT22  
temperature  and  humidity  data  and  pushes  it  to  the  Blynk  app  every  few  seconds  over  Bluetooth.  
This  allows  the  rider  to  monitor  the  temperature  of  the  compartment  on  their  phone  while  they  
are  riding,  and  ensure  the  system  is  working  properly  and  the  compartment  is  being  cooled  to  the  
desired  temperature.  A  photo  of  the  Blynk  user  interface  is  shown  in  Figure  39.  The  interface  
includes  three  widgets:  a  temperature  reading  displayed  in  Celsius,  a  relative  humidity  reading  as  
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a  percentage,  and  a  time  graph,  which  allows  for  storing  and  tracking  the  readings.  The  time  
graph  can  be  set  to  any  time  interval.   
  
  
Figure  39.  Blynk  User  Interface  during  refrigerator  operation.  
  
One  method  we  explored  prior  to  Blynk  was  using  an  SD  card  connected  to  the  Arduino  via  an  
SD  card  module.  The  temperature  data  can  be  taken  every  few  seconds  and  stored  on  the  card  as  
a  text  file.  The  card  can  then  be  removed,  plugged  into  a  computer,  and  the  data  extracted  and  
exported  to  a  software  program  such  as  Excel.  This  setup  was  tested  and  the  system  worked  as  
expected  and  was  able  to  accurately  log  the  data.  The  benefits  of  this  method  are  that  it  is  hard  
wired,  works  without  an  internet  connection,  and  is  very  reliable.  However,  this  method  only  
allows  for  viewing  the  data  after  the  fact.  This  means  there’s  no  way  to  tell  if  the  system  is  
working  until  after  the  user  stops  biking  and  puts  the  SD  card  in  a  computer.  This  is  not  ideal  and  
computer  access  may  not  always  be  possible.  We  therefore  decided  to  go  with  Blynk  as  our  
primary  temperature  monitoring  system  and  use  the  SD  card  as  a  backup.  The  complete  control  




Our  final  control  system  is  able  to  use  compartment  temperature  data  obtained  by  a  DHT22  
sensor  to  toggle  between  4  volt  and  12  volt  power  inputs,  keeping  the  compartment  within  the  
desirable  temperature  range  of  2-8 °C.  It  is  also  able  to  record  and  store  temperature  and  humidity  
data  on  an  SD  card  and  monitor  these  values  in  real  time  via  a  Blynk  mobile  app  interface.  
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Chapter  6  Power  Regulation  Subsystem  
Since  the  power  generation  varies  in  voltage,  power  regulation  is  required  to  safely  transmit  the  
electricity  from  the  motor  to  the  peltier  coolers.  We  utilized  a  voltage  regulator  and  a  battery  
charge  controller  in  order  to  safely  charge  the  battery  using  the  varying  input  power  from  the  
motor.  
  
6.1 Background  
Our  design  relies  on  a  rider  pedaling  in  order  to  turn  a  motor  and  generate  electricity.  This  means  
the  power  generated  depends  on  the  rate  the  rider  is  pedaling.  It  is  unsafe  to  charge  a  battery  
using  a  fluctuating  power  supply,  so  the  voltage  regulator  caps  the  voltage,  and  the  charge  
controller  regulates  the  charge  on  the  battery  so  it  is  not  overcharged  or  overdrawn.  
  
Figure  40.  Electrical  connections  overview.  
  
6.2 Voltage  Regulation  
In  order  to  safely  charge  a  battery,  the  motor  is  immediately  connected  to  a  voltage  regulator.  
The  voltage  regulator  allows  the  user  to  set  a  voltage,  and  it  will  not  output  a  voltage  larger  than  
that  value.  For  our  design,  we  set  the  voltage  regulator  to  12  volts,  as  we  are  charging  a  12  volt  
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battery.  With  the  voltage  regulator  protecting  against  voltages  higher  than  the  working  voltage  
range,  the  next  part  is  a  battery  charge  controller.  
To  test  the  voltage  regulator,  a  DC  power  supply  and  fan  were  used  as  stand-ins  for  the  motor  
and  load.  The  set-up  for  this  test  is  shown  in  Figure  41.  The  input  voltage  was  set  to  12  volts,  and  
the  output  from  the  voltage  regulator  was  also  initially  set  to  12  volts.  The  output  was  then  
reduced  by  increments  of  1  volt  at  a  time.  The  voltage  and  current  were  recorded  before  and  after  
the  voltage  regulator  using  a  multimeter  at  each  increment.  This  gave  the  overall  efficiency  of  
the  voltage  regulator  at  different  levels  of  regulation.  The  peak  efficiency  was  about  85%,  and  
occurred  when  the  output  was  set  to  the  input  voltage.  This  resulted  in  our  design  shifting  to  try  
and  generate  as  close  to  the  desired  voltage  output  as  possible,  in  order  to  reduce  power  loss.  
  
Figure  41.  Electrical  regulation  testing  setup  diagram.  
  
6.3 Charge  Controller  
The  battery  charge  controller  is  connected  to  the  battery,  and  controls  the  input  and  output  of  
power  from  the  battery.  Built  into  the  charge  controller  is  both  a  high  voltage  disconnect  and  a  
low  voltage  disconnect.  This  means  that  when  the  battery  is  fully  charged,  the  charge  controller  
disconnects  the  input  power  so  the  battery  is  not  damaged  from  being  overcharged.  When  the  
battery  is  used  and  the  voltage  drops  to  a  lower  value,  the  charge  controller  reconnects  the  input  
power,  and  begins  charging  the  battery  again.  Similarly,  when  the  battery  is  undercharged,  the  
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charge  controller  disconnects  the  load  so  the  battery  is  not  damaged  from  being  overdrawn.  
When  the  battery  is  recharged  to  a  higher  voltage  value,  the  charge  controller  reconnects  the  
load,  and  begins  powering  it  again.  
The  battery  charge  controller  output  is  connected  to  an  Arduino  relay  system  that  will  activate  
different  relays  based  on  the  internal  temperature  of  the  refrigerator.  When  the  internal  
temperature  reaches  its  maximum  allowable  temperature,  the  power  from  the  charge  controller  
will  flow  directly  to  the  Peltier  module  in  order  to  cool  the  refrigerator.  Conversely,  when  the  
internal  temperature  reaches  its  minimum  allowable  temperature,  the  relay  will  switch  to  routing  
the  power  from  the  charge  controller  through  a  second  voltage  regulator  before  going  to  the  
Peltier  module  in  order  to  allow  the  refrigerator  to  slowly  heat  up.  This  fluctuation  is  used  as  
opposed  to  a  static  temperature  because  of  varying  external  temperatures  affecting  the  
refrigerator  as  the  bicycle  is  in  motion.  
We  tested  multiple  charge  controllers  because  we  opted  to  use  a  solar  charge  controller  for  our  
design.  Solar  charge  controllers  are  the  most  common  and  inexpensive  type  of  charge  controller  
that  process  the  level  of  power  our  product  uses.  The  largest  drawback  to  solar  charge  controllers  
is  that  many  of  the  lower  cost  controllers  are  locked  into  a  “dusk  to  dawn”  mode.  This  mode  
turns  on  the  load  when  the  charge  controller  stops  receiving  power  from  the  solar  panel,  and  is  
usually  designed  to  turn  on  lights  when  the  sun  goes  down.  Our  first  charge  controller  only  had  
this  mode,  so  we  had  to  test  two  other  charge  controllers  before  finding  our  current  Huinetul  
charge  controller  that  includes  a  remote  to  turn  on  and  off  the  load  and  does  not  use  the  “dusk  to  
dawn”  setting.  This  is  beneficial  so  the  user  does  not  have  to  reach  into  the  installation  when  
turning  on  and  off  the  refrigeration  system.  
Efficiency  tests  were  also  performed  on  the  charge  controller.  The  first  test  connected  the  charge  
controller  to  a  DC  power  supply  and  the  battery.  The  voltage  and  current  were  recorded  between  
the  power  supply  and  charge  controller,  and  the  charge  controller  and  battery.  This  gave  us  the  
efficiency  of  charging  the  battery  as  94%.  The  second  test  connected  the  charge  controller  to  the  




Figure  42.  Electrical  Regulation  testing  setup.  
  
The  voltage  and  current  were  recorded  between  the  battery  and  charge  controller,  and  the  charge  
controller  and  load.  This  gave  us  the  efficiency  of  powering  a  load  as  92%.  There  was  not  much  
power  loss  over  the  charge  controller,  which  was  expected  as  it  is  mainly  used  as  an  on/off  
switch  for  the  battery  rather  than  a  regulator  or  converter.  
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Chapter  7  Power  Generation  Subsystem  
In  order  to  create  a  source  to  power  our  whole  project,  we  were  faced  with  the  challenge  of  
finding  a  way  to  generate  enough  power  so  that  the  battery  could  maintain  a  high  level  of  charge  
while  powering  the  Arduino  control  system  and  the  power-hungry  thermoelectric  module.  Our  
power  output  had  to  match  the  thermoelectric  input  range  of  20-25  watts  by  achieving  a  max  
power  well  within  this  range,  so  the  project  could  work  while  the  operator  pedalled  the  bike  at  
varying  speeds.  Along  with  having  to  face  these  challenges,  we  also  had  to  ensure  that  our  idea  
would  be  robust  and  secure  enough  to  function  properly  while  riding  in  various  terrains.  From  
there,  we  then  had  to  make  sure  we  were  efficiently  collecting  as  much  of  the  output  power  as  
possible.   
  
This  power  generation  section  will  cover  the  purposes  and  design  specifications  of  our  different  
power  generation  approaches,  take  an  in-depth  look  into  the  DC  generator  assembly,  CAD,  and  
FEA  simulations  we  used  to  inform  our  final  prototype,  modifications  that  were  made  to  said  
assembly  to  increase  the  efficiency  and  ability  of  our  product  to  harness  the  maximum  amount  of  
power  possible,  and  the  testing  that  took  place  with  our  prototypes  to  determine  the  amount  of  
power  we  could  generate  at  a  range  of  linear  bike  speeds  and  motor  rpm  values.  
  
7.1 Background  
The  purpose  of  the  power  generation  subsystem  is  to  supply  power  to  the  12V8Ah  Lithium-ion  
battery  and  charge  it  while  the  refrigeration  and  Arduino  control  subsystems  pull  power  from  the  
battery  during  operation.  The  power  generation  subsystem,  according  to  our  Product  Design  
Specifications  target  ranges  in  Appendix  A,  has  to  be  able  to  generate  enough  power,  20-25  watts  
for  the  Peltier  input,  to  charge  the  battery  at  a  minimum  riding  speed  of  5  mph.  The  weight  of  the  
subsystem  also  has  to  be  kept  under  9.1  kilograms  in  an  effort  to  keep  the  entire  bike  weight  
under  31.8  kilograms.  Finally,  it  has  to  be  built  robustly  to  keep  its  lifetime  over  3  years,  and  it  
has  to  coordinate  with  the  other  subsystems  to  keep  the  overall  market  price  under  $500.   
In  order  to  achieve  these  parameters,  two  options  were  researched,  prototyped,  and  tested  to  
potentially  be  used  as  our  final  power  generation  choice:  a  brushed  DC  motor  used  as  a  generator  
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and  a  hub  motor.  Table  6  compares  the  overview  specifications  for  both  of  these  options.  The  DC  
motor  utilizes  a  secondary  chain  that  would  use  the  rotational  energy  from  the  rear  wheel  gears  
on  the  bicycle  to  spin  the  DC  motor  sprocket  and  generate  power.  The  hub  motor  was  the  initial,  
but  did  not  end  up  being  the  final,  choice  to  research  and  use.  It  comes  as  a  pre-fabricated  wheel  
with  a  3-phase  motor  built  into  the  hub  that  simply  replaces  the  front  wheel  of  the  bike.  Initially,  
it  was  not  clear  that  the  motor  was  3-phase  and  beyond  the  scope  of  our  project,  so  we  decided  to  
move  forward  and  test  it  without  knowing  this  information.   
  
Table  6.  Overview  Specifications  Comparison  between  the  DC  Generator  and  Hub  Motor.  
  
The  advantage  of  this  hub  motor  concept  over  the  DC  motor  was  that  there  were  fewer  added  
parts,  notably  the  secondary  chain  and  external  DC  motor  with  accompanying  bracket.  The  hub  
motor  assembly  kept  the  system  refined  and  removed  the  safety  hazards  of  additional  pinch  
points  and  sharp  edges  that  would  come  with  the  added  components.  The  main  disadvantages  
and  deterrents  were  the  higher  voltage  and  output  power  from  the  hub  motor  at  36  volts  and  500  
watts,  respectively.  This  would  need  to  be  stepped  down  and  reduced  by  the  controllers  and  the 
converters  in  order  to  match  the  desired  input  ranges  of  the  other  electrical  components  of  the  
system  around  12  volts  and  25  watts.  This  in  turn  could  require  a  36  volt  lithium  ion  battery,  
which  would  add  additional  weight  to  the  bike  as  well.  The  cost  difference  was  notable  as  well  
being  nearly  4  times  greater  than  the  DC  generator  setup.  As  briefly  explained  in  the  previous  
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Specification  DC  Generator  Hub  Motor  
Cost  [$]  68 240 
Weight  [lb]  4 10 
No.  of  Parts  Included  8 1 
Motor  Type  1-phase  DC 3-phase  AC 
Rated  Voltage  [V]  24 36 
Rated  Power  [W]  250 500 
Compatible  Bike  Sizes  [in]  22-29 26 
  
paragraph,  the  main  downside  of  the  hub  motor  that  resulted  in  our  decision  to  use  the  DC  
generator  as  our  pedal-power  generation  approach  was  the  fact  that  the  hub  motor  was  a  3-phase  
motor.  This  means  that  it  utilizes  AC  power  at  a  higher  voltage.  This  would  require  the  motor  
receiving  power  from  a  much  larger  battery  and  incorporating  an  inverter.  This  was  all  beyond  
the  scope  and  expenses  that  our  target  ranges  required  in  the  Product  Design  Specifications  in  
terms  of  weight,  power,  and  cost.  
  
7.2 DC  Generator  
The  DC  generator  approach  to  pedal-power  generation  operates  by  spinning  the  generator  
sprocket  with  a  separate  chain  around  one  of  the  gears  on  the  bike’s  cassette,  its  set  of  gears,  as  
the  operator  pedals  the  bike.  The  generator  is  attached  to  the  side  of  the  rear  bike  frame  near  the  
gears  using  a  mounting  bracket  and  a  separate  u-bracket  that  were  built  for  the  generator  pictured  




Figure  43.  Exploded  generator  and  bracket  assembly  drawing  with  listed  components.  
  
The  DC  generator  is  a  250  watt,  24  volt,  brushed  DC  motor  with  a  9-tooth  motor  sprocket  and  a  
rated  speed  of  350  rpm,  a  weight  of  around  4  pounds,  and  a  total  cost  of  $68.  These  
specifications  resulted  in  performance  values  that  fit  well  within  our  target  parameters  as  will  be  
explained  further  in  Section  7.4:  Testing.  A  benefit  of  this  approach  is  that  it’s  a  relatively  simple  
conversion  of  power  from  the  input  pedal  torque  to  the  output  DC  electricity  to  the  
thermoelectric  module,  and  it  is  also  a  relatively  easy  system  to  repair,  put  together,  or  even  
replace  due  to  the  low  cost,  on  any  bike  between  22”  and  29”  tire  diameters.  Our  CAD  model  
illustrating  the  implementation  of  this  design  on  a  standard  mountain  bike  can  be  seen  in  Figure  
44.  The  main  downside  is  that  it  can  not  utilize  regenerative  braking  and  harness  energy  while  
coasting.  We  considered  offsetting  this  issue  by  including  a  small  solar  panel  on  top  of  the  
electrical  components  to  generate  power,  but  the  small  amount  of  power  it  supplied  compared  to  
the  generator,  and  the  complications  of  combining  and  regulating  the  two  power  sources,  made  




Figure  44.  (a)  CAD  Model  of  installed  DC  generator  (side  view).  (b)  CAD  model  of  installed  
DC  generator  with  sprocket  and  motor  chain  displayed  (interior  side  view).  (c)  CAD  model  of  
installed  DC  generator  with  U-bracket  and  both  the  motor  and  drive  chain  paths  shown  (front  
view).  
  
In  order  to  ensure  this  design  would  be  safe  to  operate,  FEA  simulations  were  run  on  the  rear  
bike  frame,  where  the  motor  bracket  is  attached  with  the  bolts  and  u-bracket,  and  the  u-bracket  
bolts  themselves  in  Figure  45.  These  used  a  load  of  100  pounds  of  impact  force  to  see  how  they  






Figure  45.  (a)  FEA  simulation  of  U-bracket  bolt  (AISI  1015  Steel  -  SAE  Grade  2)  in  bending  
with  100lbf  load.  (b)  FEA  simulation  of  rear  bike  frame  leg  (Al6061-T6)  in  bending  with  100lbf  
load.  
  
The  results  showed  that  there  was  plenty  of  margin  for  a  greater  load  to  be  applied  without  the  
system  being  in  danger  of  failing  at  these  critical  points.  This,  along  with  power  and  ride  testing,  
to  be  explained  in  the  following  two  sections,  showed  the  sturdiness  and  robustness  of  this  DC  
generator  setup  and  installation.  
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7.3 Modifications  
A  technical  challenge  that  arose  after  installing  the  DC  generator  and  beginning  testing  was  that  
the  generator  was  not  producing  as  much  power  as  we  needed  to  fall  comfortably  within  the  
20-25  watt  target  output  range.  This  shortage  in  expected  power  could  be  attributed  to  two  main  
issues.  The  first  issue  was  that  the  rear  bicycle  gear,  the  driving  gear  for  the  motor,  connected  to  
the  motor  sprocket  with  the  motor  chain  gear  was  too  small  -  failing  to  create  a  strong,  
mechanical  advantage  by  using  a  larger  driving  gear  with  more  teeth  and  having  a  greater  gear  
ratio.  The  second  issue  was  that  the  motor  chain  consistently  slipped  on  the  small  generator  
sprocket  and  did  not  maintain  the  solid  contact  needed  to  pull  the  sprocket  around  as  the  chain  
was  moved  while  pedaling.   
First,  in  order  to  increase  our  gear  ratio  and  naturally  generate  more  power  with  the  motor,  we  
decided  to  install  a  different  cassette  on  our  wheel  that  could  be  rearranged  in  whatever  order  we 
chose.  We  chose  to  put  one  of  the  larger  gears,  specifically,  the  6th  gear  in  the  7-speed  setup,  in  
place  of  the  current,  small  gear  we  were  using  as  shown  in  Figure  46,  increasing  the  number  of  
teeth  in  the  driving  gear  from  15  to  26  teeth,  and  in  turn  increasing  our  gear  ratio  and  max  power  
available  by  73  and  37%,  respectively.   
  
  




The  issue  still  remained  that  our  chain  would  not  maintain  strong  contact  with  the  motor  sprocket  
teeth  while  pedaling,  and  we  discovered  that  if  we  offset  the  direction  of  the  chain  with  a  
tensioner,  seen  in  Figure  47,  to  have  it  wrap  wider  around  the  motor  sprocket  to  have  strong  
contact  on  just  a  few  of  the  teeth,  the  motor  would  run  much  more  efficiently  and  wouldn’t  slip  
in  operation.  For  our  testing  and  first  prototype,  a  flathead  screwdriver  attached  to  the  motor  
bracket  with  zip  ties  was  used  as  the  temporary  tensioner  and  pressed  the  bottom  of  the  motor  
chain  downwards  -  wrapping  the  chain  wider  around  the  motor  sprocket.  In  our  final  prototype,  a  
single  zip-tie  between  the  motor  chain  and  the  motor  bracket  were  used  to  cinch  both  sides  of  the  
motor  chain  together,  creating  tension  and  securing  the  chain  alignment  -  preventing  the  chain  
from  falling  off  of  the  sprocket  as  well.  This  small  change  allowed  us  to  generate  the  same  
amount  of  power  at  a  40%  slower  speed,  meaning  we  wouldn’t  have  to  be  pedaling  all  out  all  the  
time  to  fall  within  our  desired  output  range.  
  
  
Figure  47.  Temporary  tensioner  approach  with  flathead  screwdriver  pressing  down  on  the  motor  
chain  (First  Prototype).  
  
Similarly,  the  increase  in  efficiency  of  our  rotational  energy  transmission  could  be  seen  in  the  
motor  rpm,  the  main  performance  indicator  of  this  subsystem,  increasing  by  50%  at  the  same  
pedaling  speeds  we  were  testing  at  previously.  The  no-load  and  stall  currents  of  the  motor,  or  the  
maximums  we  could  push  the  motor  to  while  pedaling,  increased  by  20%  each  as  well.  A  
breakdown  of  the  prototype's  performance  versus  its  theoretical  expectations  will  be  covered  in  
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the  next  subsection  along  with  the  methods  used  to  determine  the  variable  increases  stated.  
  
7.4 Testing  
In  order  to  make  sure  the  power  generation  subsystem  was  generating  enough  power  to  charge  
the  battery,  power  the  thermoelectric  cooler,  and  supply  power  to  the  Arduino  control  system,  
many  tests  were  performed  to  understand  where  our  performance  stood  in  comparison  to  the  
target  input  range  of  20-25  watts.  The  main  tests  that  took  place  were  determining  the  voltage  
and  the  current  at  a  range  of  linear  bike  speeds  to  calculate  the  power  that  could  be  generated  at  
different  speeds.  The  testing  setup  for  taking  measurements  with  a  multimeter  is  shown  in  Figure  
48,  where  the  multimeter  was  either  directly  connected  to  the  motor  leads  for  the  voltage  
readings  or  connected  in  series  with  a  650  ohm  resistor  for  current  readings.  
Figure  48.  Testing  setup  for  voltage  and  current  measurements.  
  
To  take  measurements  at  various  bike  speeds,  a  thin,  bright  square  of  paper  was  attached  to  a  
section  of  the  rear  tire,  pictured  in  Figure  49,  as  a  datum.  A  slow-motion  camera  recorded  the  tire  
rotating  for  five  seconds  while  the  bike,  upside  down  in  a  stationary  position,  was  pedalled  at  a  
constant  speed.  While  the  bike  was  being  pedalled,  voltage  readings  were  taken  with  a  
multimeter.  The  number  of  rotations  in  those  five  seconds  were  counted   and  converted  to  the  
rpm  of  the  tire.  From  there,  the  rpm  and  radius  of  the  wheel  were  used  to  calculate  the  linear  
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speed  of  the  bike  in  mph.  These  steps  were  repeated  at  various  pedalling  cadences  to  collect  
voltage  versus  linear  bike  speed  data.  
  
  
Figure  49.  Setup  for  recording  voltage  and  tire  rpm  to  calculate  linear  bike  speed.  
  
To  calculate  the  variables  mentioned  in  the  previous  subsection  such  as  no-load  (induced)  
voltage,  motor  rpm,  stall  current,  and  max  power,  a  set  of  equations  were  used  to  derive  
theoretical  expectations  for  the  motor,  as  well  as  the  actual  tested  values  that  were  used  to  
determine  the  performance  of  the  generator  subsystem  compared  to  the  desired  input  power  
range.  The  objective  of  these  calculations  and  sequential  formulas  was  to  determine  the  range  of  
power  (Equation  9)  that  the  DC  motor  could  generate  while  the  bike  was  pedalled  at  various  
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Variable  Unit  Description  
U ind   V Induced  voltage  (no-load) 
n  rpm Motor  speed 
k n  Constant  =  14.4 Motor  speed  constant 
U t   V Terminal  voltage 
R mot  Ω  =  2.7 Terminal  motor  resistance 
I L  A Load  current 
I L,max  A Stall  current 
R L  Ω  =  665 Load  resistance 
P el,max  W Max  power 
  
 P el,max = 4
1
* U ind * IL,max (9)  
  
Once  calculations  were  completed  for  a  range  of  bike  speed  and  accompanying  voltage  
measurements,  maximum  power  values  were  determined  for  theoretical  and  actual  values.  These  
values  can  be  seen  in  Figure  50  where  they  are  compared  to  each  other  for  a  range  of  bike  
speeds.  A  voltage  versus  current  graph  was  also  created  using  the  same  equations  and  
relationships  between  the  measured  values,  seen  in  Figure  51.  This  gives  a  clear  breakdown  of  
the  key  variables  that  were  analyzed  during  testing  with  motor  rpm  being  the  biggest  
performance  indicator.   
  
Figure  50.  Comparison  of  max  power  achieved  vs  the  linear  speed  of  the  bike  for  the  actual  





Figure  51.  Voltage  vs  current  for  average  max  power  of  the  generator  at  the  average  speed  
tested.   
  
The  theoretical  line  in  the  first  plot  shows  the  kind  of  power  we  could  expect  to  generate  from  
the  motor,  assuming  there  was  zero  slip  and  a  perfect  transfer  of  energy  from  our  new  rear  wheel  
gear  to  the  motor  sprocket.  Some  of  our  testing  points  can  be  seen  in  red  along  the  actual  plot,  
showing  how  we  achieved  an  average  of  64%  of  the  theoretical  max  power  we  could  achieve  
across  the  bike  speeds  we  tested  at.  It  was  also  comforting  to  see  that  the  generator  was  
producing  nearly  10  watts  at  a  walking  speed  pace,  and  a  maximum  over  50  watts  while  pedaling  
at  full  speed  -  enough  of  a  range  to  power  our  project  with  a  large  range  of  pedaling  speeds.  
The  voltage  vs  current  graph  shows  the  average  max  power  of  30  watts  we  generated  at  the  
average  bike  speed  we  tested  at  being  just  under  8mph.  This  average  power  value  of  30  watts  
falls  just  above  the  input  range  of  the  thermoelectric  cooler  and  enables  us  to  charge  the  battery  
as  well.  
  
   
79  
  
Chapter  8  System  Integration  
Connecting  all  systems  together  demonstrated  that  we  have  a  fully  functioning  project  in  
addition  to  individual  subsystems  that  work  on  their  own.  The  first  main  challenge  in  attaching  
everything  onto  the  bike  was  not  impeding  the  user’s  comfort.  We  needed  to  add  the  minimum  
weight  possible  and  distribute  the  load  evenly  so  the  rider  does  not  feel  off-balance.  The  second  
main  challenge  was  verifying  that  the  system  performance  equals  or  exceeds  the  performance  of  
separate  subsystems  and  competing  products  on  the  market.  
  
  
8.1 Platform  Design,  Motor  Connection,  and  Dividers  in  Compartment  
  
To  connect  all  of  the  subsystems  together,  a  bike  luggage  rack,  plywood,  and  birch  wood  were  
constructed  into  a  platform  and  tray.  The  platform  is  made  of  an  outer  frame  that  uses  conduits  to  
stay  permanently  attached  to  a  luggage  rack  placed  at  the  back  of  the  bike.  An  inner  tray  seen  on  
the  right  in  Figure  52  can  be  lifted  out  from  the  outer  frame.  The  base  of  the  outer  frame  and  
inner  tray  are  made  from  1/2  inch  plywood  while  all  walls  are  made  of  1/4  inch  birch  wood.  This  
is  because  the  base  is  the  load  bearing  piece  which  needs  to  support  around  5  kilograms-  the  
weight  of  the  compartment  with  refrigeration  system,  voltage  regulators,  charge  controller,  
battery,  Arduino,  and  breadboard-  while  the  walls  are  just  to  protect  these  components  from  
falling  out  and  therefore,  do  not  bear  the  weight  of  the  components.   
  
By  making  the  inner  tray  removable  from  the  outer  frame,  the  user  can  transport  the  
compartment,  battery,  voltage  regulator,  and  charge  controller  while  the  vaccines  remain  cool  
despite  being  disconnected  from  the  bicycle.  Each  of  these  four  components  have  their  own  
sections  in  the  inner  tray  and  are  organized  to  distribute  weight  evenly  so  the  rider  does  not  feel  
unbalanced  while  cycling.  Each  component’s  walls  are  at  least  2/3  of  the  component’s  height  tall  
to  keep  it  from  falling  out.  Wires  run  along  the  bike  frame  and  walls  of  the  platform  to  connect  
the  subsystems  together.  To  keep  wired  connections  to  the  motor  close  and  give  the  rider  more  
stability,  these  components  are  at  the  back  rather  than  at  the  front  of  the  bike  as  seen  in  Figure  





Figure  52.  (a)  Outer  frame  and  inner  tray.  (b)  Inner  tray  with  transparent  front  and  side  wall  to  
see  contents  inside.  
  
  
Figure  53.  Platform,  without  electrical  components  and  compartment  inside,  attached  at  back  of  
bike  on  bike  luggage  rack.  
  
The  challenge  with  attaching  the  platform  to  the  bike  was  using  a  luggage  rack  that  would  make  
our  product  adaptable  to  different  bicycles.  Because  we  lacked  access  to  the  machine  shop  until  
late  in  the  design  process  and  wanted  to  use  the  machine  shop  as  little  as  possible  to  socially  
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distance  and  reduce  the  risk  of  contracting  COVID-19  even  once  the  machine  shop  was  open,  we 
decided  to  order  a  bicycle  luggage  rack  rather  than  design  one.  Our  platform  is  quite  large  in  
size,  about  47  by  41  centimeters,  and  could  not  fully  fit  onto  common  luggage  racks  on  the  
market.  Therefore,  we  needed  a  luggage  rack  with  a  flat  top  so  part  of  our  platform  could  hang  
off  of  the  edge.  The  luggage  rack  we  chose  is  35  centimeters  in  length  so  about  12  centimeters  of  
our  platform  hangs  over  the  edge.  However,  our  luggage  rack  is  adaptable  in  several  ways,  
making  it  the  best  choice  for  our  design.  First,  the  luggage  rack’s  arms  are  retractable  so  the  
luggage  rack  can  be  adjusted  for  different  bike  frame  dimensions,  specifically,  most  bikes  with  
26  to  29  inch  frames.  Next,  although  the  purchased  luggage  rack  is  intended  for  a  bike  frame  that  
has  mounting  holes,  it  can  connect  to  bikes  without  holes  using  luggage  rack  adapters.   
  
The  platform  with  its  interior  subsystems  and  luggage  rack  weigh  about  6.5  kilograms  without  
vials  loaded  into  the  compartment.  With  the  vials,  we  expect  the  system  to  weigh  about  7  
kilograms.  Both  of  these  conditions  fall  below  our  maximum  acceptable  weight  of  13.6  
kilograms,  meaning  it  is  lightweight;  preventing  the  rider  from  having  to  carry  so  much  weight  
that  it  would  make  their  ride  too  arduous.  
  
As  briefly  explained  and  shown  in  Section  7.2,  the  DC  generator  is  attached  to  the  outside  of  the  
rear  bike  frame  near  the  rear  gears  of  the  bicycle  with  the  motor  bracket  and  a  separate  u-bracket.  
The  motor  bracket  attaches  to  the  body  of  the  motor  with  three  screws,  as  shown  in  Figure  44a.  
The  slot  in  the  bracket  connects  the  bracket  to  the  rear  wheel  assembly  by  sliding  over  the  rear  
wheel  rod  and  being  tightened  down  by  the  end  nuts  or  the  quick  release  ends,  depending  on  the  
bicycle’s  design,  which  can  be  seen  in  Figure  44b.  The  u-bracket  attaches  the  other  ends  of  the  
motor  bracket  to  the  bike  frame  legs,  fully-securing  the  motor  assembly  to  the  bicycle,  as  shown  
in  Figure  44c.  The  DC  generator  wires  are  secured  to  the  bicycle  frame  using  zip  ties,  and  are  
protected  with  an  insulating,  thick  wire  sleeve,  as  they  move  up  towards  the  front  of  the  platform  
subassembly,  close  to  the  bike  seat,  to  connect  to  the  first  voltage  regulator.  The  wires  run  
smoothly  up  the  frame  through  the  front  handle  opening  on  the  inner  tray  wall  where  they  





Figure  54.  DC  generator  wiring  entrance  for  voltage  regulator  connection.   
  
An  additional  piece  was  added  into  the  compartment  to  increase  safety  for  the  user  as  well  as  
providing  protection  to  the  compartment’s  contents.  One  stack  of  the  vial  holders  is  placed  on  
each  side  of  the  heat  pipe.  To  protect  the  vial  holders  and  the  user  from  accidentally  touching  the  
heat  pipe,  dividers,  as  shown  in  Figure  55,  were  placed  inside  of  the  compartment.  We  needed  to  
design  a  divider  small  enough  so  that  it  would  not  reduce  the  number  of  vials  that  can  be  held  
inside  of  the  compartment  or  prevent  the  user  from  reaching  their  hands  in  to  remove  the  vial  
holder  stacks.  The  divider  could  not  obstruct  the  airflow  inside  of  the  compartment,  which  would  
lead  to  uneven  distribution  of  cool  air  and  cause  some  vials  to  overheat  while  others  may  freeze.  
The  final  design  is  a  thin  C-shaped  divider  made  of  1/8  inch  birch  wood  that  separates  the  heat  




    
Figure  55.  (a)  CAD  of  dividers  inside  of  the  compartment.  (b)  Divider  placed  on  each  side  of  the  
heat  pipe  to  prevent  users  and  vial  holders  from  touching  it.  
  
8.2  Testing   
Once  our  entire  project  was  fully  integrated  and  running,  we  ran  temperature  tests  to  see  how  the  
cooler  would  operate  in  tandem  with  our  Arduino  control  system.  After  thirty  minutes  of  running  
in  a  room  with  an  ambient  temperature  of  26 o C,  the  cooler,  with  the  help  of  our  Blynk  IoT  
interface  with  the  temperature  sensor,  read  7.1 o C.  This  gave  us  a  temperature  difference  of  
around  19 o C  -  a  strong  performance  value  that  matched  our  previous  thermoelectric  cooler  
testing  values.   
Our  relay  control  system  also  effectively  switched  from  the  high  power  setting  of  12  volts  to  the  
low,  efficient  setting  of  4  volts  once  the  temperature  reached  8 o C,  and  the  temperature  remained  
constant  from  there  on  out  within  half  a  degree  Celcius.   
We  also  ran  the  system  using  purely  pedal  power  after  detaching  the  battery  from  the  system,  and  
the  system  ran  properly  as  before  while  giving  us  a  readout  of  around  8  volts  on  the  voltage  





8.3  Results  and  Comparison  to  Cooluli  Fridge  
An  image  of  our  final  product  is  seen  in  Figure  56.  In  our  final  testing,  the  compartment  and  
refrigeration  system  were  able  to  maintain  up  to  a  near  20 o C  temperature  difference.  This  means  
it  can  keep  vaccines  viable  in  up  to  28 o C  conditions.  It  holds  up  to  36  vials  at  a  time,  and  can  be  
carried  off  the  bike  to  the  vaccine  distribution  site.  The  control  system  was  able  to  power  the  fans  
and  toggle  between  the  12  volt  and  4  volt  inputs,  allowing  it  to  keep  within  the  desired  range  
without  creating  sudden  temperature  increases  if  the  power  were  completely  cut.  The  bike  can  
generate  up  to  53  watts,  providing  ample  supply  for  the  fridge  and  for  charging  the  battery.  
Power  regulation  provides  steady  electricity  to  the  control  system  and  fridge,  while  the  generator  
output  changes  rapidly  as  the  bike  starts  and  stops.   
  
  
Figure  56.  Final  product.  Includes  bike,  platform,  compartment,  refrigeration  components,  
control  system  elements,  battery,  voltage  regulators,  charge  controller,  and  DC  motor.  (a)  Side  
view  of  the  entire  assembly  and  (b)  top  view  of  the  platform  and  its  contents. 
  
To  test  our  product  versus  on  the  market  thermoelectric  solutions,  we  purchased  and  tested  a  
Cooluli  Mini  Fridge.  Both  the  Cooluli  Fridge  and  our  compartment  were  able  to  maintain  about  a 
20°C  difference  between  the  ambient  and  inside  temperature  of  the  fridge  or  compartment.  
However,  our  product  uses  much  less  power  consumption  than  the  Cooluli  Fridge.  The  Cooluli  
Fridge  needs  a bout  37.6  watts  to  achieve  the  20°C  difference  while  our  product  only  needs  20  
watts  to  achieve  this  same  performance,  only  53%  of  the  power  the  Cooluli  Fridge  requires.  In  
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addition,  we  were  also  able  to  achieve  this  temperature  difference  with  a  compartment  1.75  liters  
larger  than  the  fridge,  nearly  1.5  times  increased  capacity.  The  testing  procedure  to  measure  the  
cooling  and  power  performances  of  the  Cooluli  Fridge  testing  can  be  found  in  Appendix  O.  
Further,  the  Cooluli  Fridge  is  powered  by  electricity  from  an  outlet,  making  the  fridge  
non-transportable  unless  it  is  plugged  into  the  DC  outlet  in  a  car.  Our  product  transforms  kinetic  
energy  f rom  the  user’s  pedaling  into  electricity,  so  no  outlet  is  required  and  thus  our  product  is 
always  transportable.  Additionally,  the  Cooluli  Fridge  does  not  have  any  sensors  for  the  user  to  
track  the  temperature  inside  of  the  fridge;  the  user  would  need  to  take  the  temperature  
themselves  using  their  own  sensors  such  as  a  bulb  thermometer.  Our  product  comes  with  its  own  
DHT22  sensors  as  well  as  the  Blynk  user  interface  so  the  user  may  track  the  temperature  of  the  
contents  during  the  duration  of  the  transportation.   
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Chapter  9  Cost  Analysis  
We  allocated  $750  of  our  budget  to  initial  testing.  A  detailed  testing  plan  was  created  in  
December  2020  which  was  broken  down  by  testing  type  and  associated  cost.  All  first  round  
testing  was  completed  individually  by  members  of  our  team  in  January  and  February.  We  
dedicated  $800  for  additional  testing  and  our  first  generation  prototype  of  each  subsystem  
individually.  We  budgeted  $950  for  our  final  design,  which  includes  the  cost  of  purchasing  a  new  
bike.  See  Appendix  G  for  a  detailed  testing  budget  which  includes  specific  items  that  were  
purchased.  
Our  final  prototype  cost  $562,  not  including  the  cost  of  the  bike.  This  fell  well  within  our  final  
prototype  budget  of  $950.  A  cost  breakdown  by  subsystem  can  be  found  in  Table  8.  When  scaled  
up  for  mass  production,  this  price  can  be  dropped  to  around  $170  for  100  units.  Based  on  the  
average  vaccine  carrier  on  the  market  ranges  in  price  from  $15  to  $100.  While  significantly  
lower  in  cost,  these  carriers  are  standalone  compartments.  However,  what  makes  our  product  
unique  is  the  electrical  power  generation,  electrical  regulation,  refrigeration,  and  the  built-in  
control  system,  all  of  which  justify  the  incremental  cost.  
  
Table  8.  Cost  breakdown  of  each  major  subsystem  in  our  final  design.  
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Subsystem  Cost  [$]  
Compartment  47 
Refrigeration  122 
Control  System  42 
Power  Conditioning  147 
Power  Generation  83 
System  Integration  121 
Total 562 
  
Chapter  10  Patent  Search   
The  patent  investigation  determined  which  aspects  of  our  project  are  novel  and  can  potentially  be  
patented.  Numerous  patents  encompass  portions  of  our  novel  idea.  These  include  kinetic  energy  
devices,  planar  heat  pipe  orientations,  and  portable  cooling  bags.  With  no  patent  covering  the  
overall  process,  we  chose  to  disclose  our  concept  of  capturing  kinetic  energy  from  a  bike  to  
power  thermoelectric  cooling,  with  intermediate  steps  for  energy  conversion  and  storage,  as  well  
as  temperature  control.  In  the  following  sections,  we  cover  a  review  of  prior  art  that  is  related  to  
these  subsystems.  For  our  patent  disclosure,  refer  to  Invention  Disclosure  in  Appendix  O.   
  
  
10.1 Invention  Description  &  Novel  Technical  Features  
We  believe  that  our  system  includes  the  novel  process  of  capturing  pedal  power,  converting  and  
storing  it,  powering  thermoelectric  cooling  for  maintaining  refrigeration  temperature,  and  using  
an  IoT-connected  microcontroller  system  to  log  performance  during  usage  and  control  the  
temperature  of  the  system.  These  technical  features  are  complex  and  non-obvious,  are  not  known  
to  have  been  attempted  in  any  prior  work,  and  perform  a  useful  function  by  aiding  in  medical  
supply  distribution.  The  features  believed  to  be  patentable  are  discussed  below.  The  Patent  
Disclosure  assignment  required  for  the  Senior  Design  class  can  be  found  in  Appendix  P.  
Extensive  research  found  no  existing  products  utilizing  non-motorized,  human-powered  
transportation  devices  to  power  off-grid  refrigeration.  This  device  incorporates  electric  
generation  from  kinetic  energy  provided  by  a  human  to  power  a  meaningful  device  without  
preventing  the  normal  motion  of  the  vehicle.  The  device  includes  a  conventional  non-motorized  
bicycle,  a  DC  electric  generator,  voltage  regulation,  temperature  measurement,  a  control  system,  
thermoelectric  cooling,  heat  dissipation,  holding  racks  designed  specifically  for  holding  vaccine  
vials,  and  an  insulated,  protective  compartment.   
The  DC  generator  is  a  250  watt,  24  volt,  brushed  DC  motor  with  a  rated  speed  of  350  rpm,  and  a  
weight  of  around  4  pounds.  A  benefit  of  this  approach  is  that  it  is  a  relatively  simple  conversion  
of  power  from  the  input  pedal  torque  to  the  output  DC  electricity  to  the  thermoelectric  module,  
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and  it  is  also  a  relatively  easy  system  to  repair  and  put  together  on  any  bike  between  22”  and  29”  
tires  diameters.  The  generation  system  is  described  in  detail  in  Chapter  7.   
A  voltage  regulator  as  detailed  in  Chapter  6.2  is  immediately  connected  after  the  DC  generator  to  
limit  the  maximum  voltage  coming  from  the  power  generation,  in  order  to  protect  the  battery  
from  voltages  outside  its  operating  range.  
  
The  charge  controller,  as  in  Chapter  6.3  implements  low  and  high  voltage  disconnects  to  protect 
the  battery  and  electrical  system  from  damage  from  fluctuations  in  the  power  supply.  It 
disconnects  the  load  when  the  battery  voltage  is  too  low  to  protect  from  overdrawing  and  
disconnects  the  input  when  the  battery  is  full  to  protect  from  overcharging.  
  
The  microcontroller  follows  the  charge  controller  and  partially  acts  as  a  way  to  regulate  the  
power  going  to  the  thermoelectric  cooler,  by  either  sending  power  directly  to  the  thermoelectric  
module  or  routing  it  through  a  second  voltage  regulator.  In  the  prototype  system,  an  Arduino  was  
used  as  the  microcontroller.  The  control  subsystem  is  documented  in  Chapter  5.  
  
When  the  internal  temperature  reaches  its  maximum  allowable  temperature,  the  power  from  the  
charge  controller  will  flow  directly  to  the  thermoelectric  modules  in  order  to  cool  the  
refrigerator.  Conversely,  when  the  internal  temperature  reaches  its  minimum  allowable  
temperature,  the  relay  will  switch  to  routing  the  power  from  the  charge  controller  to  a  second  
voltage  regulator  to  provide  a  low  standby  voltage  to  the  thermoelectric  modules,  reducing  the  
cooling  effect.  Temperature  measurement  is  performed  by  a  DHT22  sensor,  which  is  accurate  to  
half  a  degree  Celsius  and  operates  in  a  temperature  range  of  -40  to  80°C.  
As  explained  in  Chapter  3,  the  thermoelectric  refrigeration  system  includes  a  thermoelectric  
module,  electric  fans,  heat  sinks,  and  a  heat  pipe.  The  refrigerator  internal  fan  and  heat  sink  use  
convection  to  remove  heat  from  the  contents.  The  heat  then  travels  out  of  the  compartment  
through  the  heat  pipe.  At  the  top  of  the  heat  pipe,  a  thermoelectric  module  transfers  heat  to  a  
large  heat  sink.  A  fan  on  the  outer  heat  sink  creates  convection  necessary  for  rapid  heat  











10.2 Review  of  Prior  Art  
In  our  research,  we  found  numerous  patents  that  were  related  to  individual  components  of  our  
disclosed  process.  The  following  seven  patents  are  related  to  thermoelectric  cooling,  
human-powered  electrical  generation,  and  other  topics.  These  patents  do  not  encompass  our  
unique  process  as  a  whole  but  focus  on  steps.  
  
  
“Electromechanical  Converter  System  for  Electric  Vehicles,”  US20130313930A1  [14]  
  
This  patent  is  for  the  housing  of  a  device  that  converts  electromechanical  energy  from  a  
lightweight  electric  vehicle  such  as  a  hybrid  e-bike.  Both  the  idea  in  the  patent  and  our  concept  
are  similar  because  the  intent  is  to  convert  energy  from  a  bike.  However,  the  patent  aims  to  
convert  electromechanical  energy  meaning  the  vehicle  produces  both  electricity  and  mechanical  
energy  from  the  pedaling  of  the  bike.  Our  concept  only  takes  in  the  raw  pedal-power  of  the  rider  
meaning  it  is  100%  mechanical  energy  that  will  be  converted  into  electrical  energy.  Our  concepts  
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also  differ  by  the  design  of  the  converter’s  housing.  The  patent  makes  claims  on  its  design  of  the  
converter’s  housing  such  as  claim  4,  “Converter  system  according  to  claim  1,  wherein  the  second  
section  (15)  of  the  support  housing  (10,  10’,  10”)  comprises  a  radial  outer  surface  (16)  that  is  
formed  for  bearing  of  the  connecting  element.”  Our  design  for  housing  the  converter  is  using  a  
bracket  to  attach  a  brushed  DC  motor  to  one  side  of  the  back  wheel  of  our  bicycle  as  opposed  to  
using  many  gears  on  both  sides  of  the  wheel  to  house  the  converter.  
  
  
“Refrigerator,”  EP2735826B1  [15]  
  
This  patent  is  for  a  refrigerator  that  uses  compression  refrigeration  and  makes  claim  2,  “wherein  
the  compressor  is  inverter-controlled  by  the  controller.”  Our  concepts  are  similar  only  in  that  we  
both  would  like  to  patent  a  part  of  the  process  for  how  the  refrigeration  system  works.  Other  than  
this  claim,  our  concepts  differ  greatly  in  the  details.  Our  concept  first  differs  by  not  using  a  
compressor  for  refrigeration.  The  patent  uses  a  combustible  refrigerant  that  circulates  through  the  
refrigeration  cycle  whereas  we  have  made  the  design  choice  to  use  a  thermoelectric  module  as  
our  active  cooling  device  for  cooling  our  compartment.  Our  concept  also  differs  from  this  patent  
because  we  are  not  using  an  inverter  to  control  the  refrigeration  system.  Our  design  utilizes  
temperature  sensors  that  connect  to  an  Arduino  to  control  the  “mode”  the  Peltier  will  work  in.  
Our  control  system  works  as  a  single  pole  double  throw  switch  where,  if  the  compartment  
temperature  is  measured  to  be  above  6°C,  the  thermal  electric  module  will  operate  in  “high  
power  mode”  by  being  supplied  with  12  volts,  and  if  the  temperature  is  measured  to  be  below  















Figure  58.  A  flowchart  explaining  the  components  of  the  portable,  human-powered  electrical  
energy  source  [16].  
  
This  patent  is  for  a  human-powered  electrical  generation  system.  It  covers  the  steps  shown  in  
Figure  58:  storing  and  transporting  mechanical  energy  from  a  human  to  power  a  generator,  and  
then  in  turn  producing  electrical  power  that  can  be  stored  in  a  rechargeable  battery.  It  specifically  
makes  claims  to  a  “ means  for  transferring  mechanical  energy  from  a  human,  operatively  
connected  to  said  means  for  storing  mechanical  energy”  (claim  1b).  Our  system  also  takes  in  
mechanical  energy  from  a  human  source  (i.e.  pedaling)  and  uses  it  to  power  a  motor  as  a  
generator.  Similar  to  the  patented  system,  this  is  also  converted  to  electrical  energy  and  stored  in  
a  battery.  However,  the  patented  system  is  not  bike-specific  but  more  general  and  does  not  cover  
anything  beyond  electrical  generation  and  storage  such  as  power  conditioning  and  application.  
  
  
“Peltier  temperature  control  system  for  electronic  components,”  US7082772B2  [17]  
  
This  patent  is  for  a  Peltier-based  temperature  control  system  for  audio  equipment.  The  system  
makes  claims  to  utilizing  “ a  feedback  mechanism  that  receives  the  temperature  indications  from  
the  temperature  sensor  and  adjusts  the  control  signal  to  vary  the  current  to  the  Peltier  module  to  
prevent  the  temperature  of  the  audio  component  from  exceeding  a  predetermined  parameter”  
(claim  48).  In  simpler  terms,  it  adjusts  the  drive  for  the  Peltier  effect  module  to  cool  the  audio  
component  and  prevent  overheating  based  on  this  reading.  At  a  high  level,  this  is  similar  to  how  
our  control  system  works.  If  the  temperature  inside  the  compartment  is  greater  than  the  setpoint,  
then  the  Peltier  is  supplied  with  a  high  voltage  to  keep  the  vaccines  inside  viable.  Where  the  two  
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differ  is  the  application  of  the  systems  and  some  of  the  specific  components  used.  For  example,  
the  patented  system  uses  a  thermistor  as  a  temperature  sensor  while  ours  uses  a  DHT22  
temperature  and  humidity  sensor  controlled  by  an  Arduino.   
  
  
“Mobile  Thermoelectric  Vaccine  Cooler  With  a  Planar  Heat  Pipe,”  US9791184B2  [18]  
This  patent  describes  a  miniature  refrigerator  to  keep  temperature-sensitive  medical  supplies  
such  as  vaccines  and  insulin  within  a  narrow  range  of  safe  temperatures  in  transit.  The  device 
consists  of  a  cooling  chamber  that  can  hold  about  one  liter  of  medicine,  insulation,  a  
thermoelectric  cooling  device,  many  heat  sinks  with  fans,  and  a  planar  heat  pipe,  with  a  diagram  
of  major  elements  in  Figure  59.   
  
  
Figure  59.  The  major  components  of  the  Mobile  Thermoelectric  Vaccine  Cooler  [18].  
Our  concept  shares  the  use  of  vapor  chamber  heat  pipes  and  thermoelectric  cooling,  however,  it  
varies  in  the  size  and  placement  of  these  elements.  This  patent  claims  a  design  that  places  the  
heat  pipe  between  the  thermoelectric  device  and  the  heat  sink.  Our  design  places  the  
thermoelectric  cooler  at  the  top  of  the  heat  pipe  and  in  direct  contact  with  the  heat  sink  to  
optimize  heat  dissipation.   The  patent  also  claims  the  placement  of  a  thermoelectric  module  in  
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the  middle  of  a  multi-layer  insulation  system.  Our  concept  keeps  the  thermoelectric  module  
outside  of  the  insulation  system.  Our  concept  is  significantly  larger;  about  5.6  liters  compared  to  
1.2  liters  while  using  around  the  same  amount  of  electricity.  Our  concept  includes  the  additional  
bicycle  power  generation,  power  conversion,  and  connection  to  the  bicycle,  whereas  this  patent 
only  discharges  from  a  battery.  
  
“Thermoelectric  Medicine  Cooling  Bag.”  US5704223.  [19]  
  
  
Figure  60.  A  diagram  of  the  Thermoelectric  Medicine  Cooling  Bag  [19].  
This  patent  is  for  a  powered  thermoelectric  medicine  cooling  bag  for  medical  supplies  
transportation  focused  around  insulin,  such  as  in  Figure  60.  It  is  designed  to  only  keep  the  insulin  
colder  than  30°C  in  very  warm  climates  and  holds  less  than  1  liter  of  contents.  Our  concept  
differs  by  including  charging  and  power  generation  capacity,  rather  than  only  battery  power.  Our  
concept  has  a  programmable  temperature  range,  typically  2-8°C,  instead  of  a  fixed  temperature  
of  21-24°C.  Our  concept  includes  the  bicycle  transportation  and  connection  aspect  and  can  be  
detached  and  moved  to  another  location.  This  patent  claims  placing  a  thermoelectric  heat  pump,  
container  to  hold  vials,  and  portable  electrical  power  inside  a  box-like  carrying  case.  Our  concept  
places  these  elements  in  an  open-air  container  to  allow  for  better  thermal  management  of  the  
system  and  for  easier  replacement  of  components.  The  patent  claims  using  a  flexible  and  
insulating  material  on  the  exterior  of  the  container,  with  smaller  solid  medicine  containers  within  
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it  in  varying  orientations  and  configurations.  Our  concept  uses  a  hard-side  case  for  better  
external  protection  and  durability,  with  soft-sided  material  on  the  inside  to  protect  the  contents.  
  
“Portable  Temperature  Controlled  Container.”  US10610451B2.  [20]  
This  patent  is  for  a  container  that  can  either  heat  or  cool  the  interior  of  a  container  to  match  a  set  
temperature  so  that  the  contents  will  not  overheat  in  warm  climates  nor  freeze  in  cold  climates.  
Our  concept  uses  exposed  heat  dissipation  elements  to  improve  cooling  efficacy,  rather  than  an  
enclosure.  Our  system  includes  sturdy,  elastified  mounting  for  the  heat  dissipation  components  to  
prevent  breakage  during  use.  Our  concept  differs  by  adding  power  generation  and  rechargeable  
battery  storage  for  sustained  off-grid  application  rather  than  relying  on  frequent  charging.  Our  
concept  includes  additional  connection  and  integration  with  a  bicycle  for  transit.  The  patent  
claims  a  container  with  two  thermoelectric  devices,  one  on  each  side  of  a  phase  change  material.  
Our  concept  functions  with  only  one  thermoelectric  device  to  reduce  cost  and  energy  
consumption  at  the  needed  temperatures.  This  patent  claims  usage  of  phase  change  material  to  
transfer  heat,  specifically  water  or  another  substance  with  phase  transition  between  -2°C  and  
8°C.  Our  design  avoids  extra  materials,  especially  stored  fluids,  that  would  add  weight  to  the  
system,  and  is  designed  to  stay  above  near-freezing  temperatures  below  2°C.  The  patent  claims  a  
container  of  size  10  to  20  liters;  our  concept  ranges  from  4-6  liters.  
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Chapter  11  Engineering  Standards  &  Realistic  Constraints  
Our  bicycle-powered  refrigeration  system  works  towards  combating  the  lack  of  global  
healthcare.  It  will  be  used  by  rural  communities  as  part  of  a  last-mile  distribution  system,  where  
the  user  will  transport  vaccines  the  final  distance  to  small  distribution  sites.  The  economic  
impact  stems  from  making  the  system  frugal  and  accessible  for  the  majority  of  communities  in  
developing  regions.  The  product  must  be  able  to  be  sourced  by  the  people  that  need  it  the  most.  
The  sustainability  impacts  include  the  reduction  in  carbon  emissions  by  using  a  bicycle,  as  
opposed  to  motorcycles  that  are  commonly  used  for  this  same  purpose  and  market,  and  the  fact  
that  90%  of  our  total  material  by  mass  in  this  system  can  be  recycled  or  composted.  The  system  
allows  for  vaccine  transport  in  environments  of  up  to  20 o C  warmer  than  the  required  temperature  
range.  Effective  transportation  of  vaccines  to  developing  regions  while  keeping  them  in  their  
viable  temperature  range  can  improve  public  health,  as  improper  transit  results  in  the  loss  of  50%  
of  vaccines  worldwide  [3] .  The  system  is  designed  to  reduce  manufacturing  costs  by  using  
simple,  sustainable  materials  that  can  be  easily  accessed  in  most  parts  of  the  world  -  like  wood  
and  foam.  To  be  culturally  and  socially  conscious,  we  interviewed  different  people  from  varying  
markets  to  understand  how  to  have  the  greatest  positive  impact  on  the  final  customers.  
Understanding  these  constraints  guided  an  affordable,  efficient,  simple,  and  user-centered  design.  
  
11.1 Health  and  Safety  
Our  product  directly  addresses  the  issue  of  public  health.  As  previously  stated,  the  World  Health  
Organization  (WHO)  estimates  immunization  efforts  combat  2  to  3  million  deaths  every  year,  yet  
1.5  million  deaths  are  due  to  vaccine-preventable  diseases  [2].  Unfortunately,  about  50%  of  
vaccines  go  to  waste  due  to  mishandling  and  lack  of  temperature  control  in  transit  [3].  This  
means  that  lack  of  effective  vaccine  coverage  and  last-mile  distribution  contribute  to  the  
mortality  of  a  disease  which  can  be  easily  prevented  by  access  to  vaccines.  Typically,  vaccines  
that  can  be  stored  in  the  refrigerator  need  to  maintain  a  temperature  of  2-8°C  to  remain  viable  
and  must  stay  within  this  temperature  range  throughout  the  entire  cold  chain  (i.e.,  from  
manufacturing  until  the  point  of  administration).  Our  product  solves  this  issue  of  public  health  by  
providing  a  refrigerator  that  achieves  a  20°C  difference  between  the  inside  of  the  compartment  
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versus  the  ambient  temperature  meaning  that  it  works  in  environments  up  to  28°C.  Because  our  
project  is  set  onto  a  bicycle,  vaccines  can  be  transported  to  users  who  are  in  rural  areas  or  to  
those  who  are  homeless  who  can  not  travel  by  car  or  utilize  other  public  transportation  to  get  
access  to  vaccines.  Therefore,  our  product  increases  the  access  to  these  life-saving  treatments.  
Not  only  this,  but  because  it  is  important  for  the  vaccines  to  remain  within  this  narrow  
temperature  range  throughout  the  duration  of  transportation,  our  team  has  provided  a  temperature  
control  system  that  has  two  power  modes  of  refrigeration,  a  high  power  mode  for  when  the  
compartment  is  above  6°C,  and  a  low  power  mode  for  when  the  temperature  is  below  6°C.  This  
dual  system  prevents  vaccines  from  overheating  and  from  freezing,  thus  decreasing  the  number 
of  vaccines  that  go  to  waste  since  both  of  these  conditions  would  cause  vaccines  to  be  unviable.  
A  safety  component  we  considered  is  the  type  of  vehicle  we  chose  our  product  to  be  connected  
to.  While  a  bike  can  be  used  on  different  terrains  including  places  that  do  not  have  roads,  
motorcycles  can  also  be  driven  on  different  terrains.  In  fact,  using  a  motorcycle  could  have  
helped  our  design  by  providing  increased  airflow  to  the  heat  sink  on  top  of  the  compartment,  
thus  aiding  in  keeping  the  compartment  cool.  However,  one  of  the  reasons  we  chose  not  to  
pursue  attaching  our  product  to  a  motorcycle  is  because  of  the  increased  danger  to  the  user.  
According  to  the  Insurance  Institute  for  Highway  Safety  [21],  a  total  of  5,014  motorcyclists  
deaths  were  recorded  in  the  year  2019  compared  to  only  843  bicyclists  deaths  that  same  year  
[22].  Therefore,  looking  at  mortality,  bicycles  can  be  considered  over  five  times  as  safe  as  
motorcycles.  By  consciously  choosing  to  prioritize  the  user’s  safety  even  though  an  alternative  
vehicle  would  benefit  the  performance  of  our  product,  we  have  decided  to  attach  our  product  to  a  
bicycle  rather  than  a  motorcycle.  In  our  considerations  for  health  and  safety,  our  product  helps  
reduce  the  number  of  vaccines  that  go  to  waste  from  50%,  increases  the  number  of  people  who  
have  access  to  these  important  treatments,  and  prevents  an  increase  of  motorcyclists  deaths  by  








11.2 Economic  
The  major  components  of  an  economic  benefit  analysis  is  the  cost  of  equipment  and  the  cost  to  
operate.  In  our  case,  the  cost  of  operation  is  nearly  zero  because  the  system  is  self-contained  and  
the  battery  is  charged  by  human  power.  In  terms  of  the  cost  of  the  equipment,  our  final  prototype  
was  $562,  not  including  the  cost  of  the  bike.  When  scaled  up  for  mass  production,  this  price  can  
be  dropped  to  around  $170  for  100  units.   
  
  
Table  9.  Product  and  Cost  Specification  
  
The  average  vaccine  carrier  on  the  market  ranges  in  price  from  around  $10  to  $100  [23].  While  
significantly  lower  in  cost,  these  carriers  are  standalone  compartments.  What  makes  our  product  
unique  and  justifies  any  incremental  cost,  is  that  it  includes  electrical  power  generation,  electrical  
regulation,  refrigeration,  and  a  control  system.  It  is  thus  hard  to  directly  compare  the  market  
carriers  to  our  product.  However,  if  we  were  to  solely  compare  compartment  costs,  ours  was  $47  
which  falls  in  the  middle  of  the  market,  and  is  competitive.  Other  compartments  also  often  have  
operating  costs  that  ours  does  not.  For  example,  most  of  these  compartments  require  ice  or  water  
packs  which  must  be  intermittently  changed  out.  The  associated  costs  with  these  include  the  cost  





Product  Cost  [$]  
Portable  Bike  Powered  Refrigeration  System  (Prototype)  562 
Portable  Bike  Powered  Refrigeration  System  (Projected  
mass-production)  
170 
Nilkamal  Limited  Long  Range  Vaccine  Cooler  99 
Blowkings  Long  Range  Vaccine  Carrier  55 
AOV  International  LLP  Long  Range  Vaccine  Carrier  12 
  
11.3 Sustainability  
Our  system  is  designed  to  minimize  environmental  impact  and  promote  sustainable  
transportation  by  allowing  for  safe  thermal  control  of  goods  during  bicycle  transit.  Normally,  a  
motorized  vehicle  that  emits  greenhouse  gasses  and  other  pollutants  is  necessary  for  transporting  
temperature-sensitive  goods  because  it  is  faster  and  has  a  built-in  power  supply.  The  bicycle 
refrigerator  reduces  the  reliance  on  motor  vehicles  and  provides  refrigeration  without  any  carbon  
emissions.  For  every  1000  kilometers  the  bicycle  travels,  it  offsets  over  250  kilograms  of  CO 2   
compared  to  a  typical  passenger  vehicle  [24].  This  is  a  feasible  distance  to  cover  every  2  months,  
equivalent  to  riding  a  typical  10  kilometer  route  for  50  round  trips.  
The  refrigerator  is  designed  to  be  as  sustainable  as  possible,  using  materials  with  low  
environmental  impact.  The  heat  sink,  motor,  and  bicycle  rack  are  all  metal-based  and  recyclable.  
The  mounting  tray  and  outer  shell  of  the  compartment  are  made  of  renewable  lumber  and  can  be  
recycled  or  composted  when  the  product  is  retired.  The  thermoelectric  module  was  selected  over  
other  refrigeration  methods  because  it  does  not  contain  any  toxic  chemicals  or  refrigerants,  is  
robust  and  unlikely  to  break,  and  is  small,  weighing  only  10  grams.  The  insulated  box  consists  of  
sustainable  wood,  polyurethane  foam,  and  polyester  Insul-Bright  layer;  all  of  which  may  be  
recycled  or  reused.  Steel  and  aluminum  bicycle  frames  and  rubber  tires  can  be  recycled  or  
refurbished,  and  our  first  prototype  was  reclaimed  from  a  discarded  bicycle  that  would  otherwise  
have  gone  to  municipal  waste  facilities.   While  the  electronics  such  as  the  battery,  voltage  
regulator,  charge  controller,  Arduino,  ESP,  sensors,  and  wiring  are  often  high  impact,  we  selected  
components  that  have  a  long  lifespan,  can  be  reprogrammed  or  repurposed  for  future  projects,  
and  combined  weighs  only  2  kilograms  to  reduce  the  amount  of  electronic  waste  over  the  
product  life  cycle.  Overall,  over  90%  of  the  total  material  by  mass  can  be  either  recycled  or  
composted.  
  
11.4  Environmental  
The  bicycle  system  is  designed  on  a  mountain  bike  frame  with  a  solid  suspension  for  use  in  
rugged,  off-road  environments.  Straps  and  holders  keep  the  components  in  place  even  if  the  
system  is  jostled  or  crashes  into  something. 
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The  refrigerator  can  maintain  a  20°C  temperature  difference,  so  it  can  function  in  environments  
up  to  28°C  or  82.4°F.  Much  like  we  prefer  to  exercise  when  it  is  cooler  out,  users  in  these  
regions  prefer  to  travel  in  the  morning  or  evening  when  it  is  cooler,  so  it  can  be  used  even  in  the  
summer  in  many  warmer  climates.  For  example,  Rwanda,  where  one  potential  customer  is  
located,  is  consistently  below  26°C  at  night  throughout  the  year.  Another  potential  market,  
Uganda,  typically  has  a  low  temperature  below  22°C.  There  are  places  where  it  is  above  28°C  all  
the  time,  so  it  cannot  operate  there  right  now.   
One  of  the  things  we  planned  to  do  if  not  for  COVID-19  is  using  a  temperature-controlled  testing  
chamber  to  optimize  the  system  for  up  to  100°F  or  38°C  conditions,  allowing  it  to  be  used  
practically  anywhere.  This  may  require  the  tradeoffs  of  reducing  the  number  of  vials,  increasing  
the  insulation  volume,  or  increasing  the  electricity  usage  to  achieve  this  temperature.  We  hope  
this  can  be  a  line  of  future  work  if  the  project  is  able  to  continue  in  a  future  year.  
  
11.5  Manufacturability  
One  of  our  main  goals  was  to  keep  the  manufacturing  cost  of  our  solution  low  while  finding  a  
balance  between  sustainable  and  manufacturable  materials.  Plus,  with  mass  production,  we  will  
see  a  decrease  in  price  considering  our  materials  are  fairly  easy  to  source.  Most,  if  not  all,  parts  
that  cannot  be  manufactured  by  the  user  or  locally  —  for  example,  the  Arduino  or  solar  charge  
controller  —  are  available  on  Amazon  or  Alibaba  for  international  use.  While  there  are  
manufacturing  and  assembling  aspects  of  all  subsystems,  the  refrigeration  subsystem  requires  
more  specific  material  and  component  choices.  
In  comparison  to  other  on-the-market  thermoelectric  cooling  options,  our  solution  uses  materials  
that  are  easier  to  find  and  manufacture  by  a  user.  For  example,  a  Cooluli  Mini  Fridge  uses  layers  
of  plastic  casing  that  are  much  harder  to  manufacture  while  our  solution  uses  wood  and  foam  for  
its  insulation  and  structure.  Our  solution  materials  are  easier  to  find  and  work  with  versus  
competitor  materials,  especially  in  the  case  of  limited  construction  tools.  The  material  
differences  do  not  necessarily  change  cost,  but  there  is  more  ease  of  manufacturing  with  our  
solution.  The  Cooluli  Mini  Fridge  costs  $49.99,  while  our  solution  with  mass  production  would  
cost  $50.00  [25].  To  decrease  manufacturing  costs  or  alter  compartment  properties,  the  user  
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could  use  an  alternative  foam  if  their  goal  is  to  use  a  more  environmentally-friendly  choice,  but  
our  solution  balances  sustainability,  cost,  and  material  accessibility.  In  addition,  our  refrigeration  
solution  consumes  less  power  than  the  on-the-market  options.  Our  system  uses  roughly  20  watts  
while  the  Cooluli  Mini  Fridge  needs  37.6  watts  to  achieve  the  same  temperature  difference.   
  
11.6 Social  Considerations  
While  creating  our  design,  we  wanted  our  solution  to  be  applicable  in  a  variety  of  climates  
around  the  world.  This  made  designing  more  difficult  to  ensure  we  were  looking  at  materials  that  
were  easily  sourced  and  the  design  was  as  human-centered  as  possible  for  a  variety  of  cultures.  
We  interviewed  a  variety  of  potential  customers  to  collect  customer  needs,  but  since  we  did  not  
have  a  set  customer  or  country  for  our  application,  our  social  impact  was  broader.  In  our  
customer  interviews,  we  realized  we  needed  to  balance  cost,  efficiency,  and  user-centered  design.  
Our  social  impact  had  a  large  influence  on  the  cost  of  our  design  to  make  it  as  accessible  as  
possible.  To  further  understand  our  social  impact,  we  wanted  to  use  a  form  of  transportation  that  
was  easy  to  find,  affordable  and  was  rugged  enough  to  be  used  on  unpaved  terrain.  We  chose  
bicycle  transit  because  of  its  affordability  and  ease  of  use  that  make  it  the  dominant  form  of  
transportation  in  many  countries   [26].   
In  addition  to  using  a  practical  transportation  solution,  we  needed  to  design  the  system  to  be  
straightforward  and  simple  considering  thermoelectric  cooling  is  not  as  common  or  well  known.  
We  focused  on  simplicity,  robustness,  and  ease  of  repair  with  the  compartment,  cooling  system,  
accompanying  electrical  systems  and  automated  user  interface.  
Our  solution  will  have  a  significant  social  impact,  improving  the  well-being  of  the  user  and  
community.  Our  portable  bicycle-powered  refrigeration  system  can  effectively  transport  over  two  






11.7 Standards  
We  followed  industry,  governmental,  and  medical  standards  that  relate  to  the  drawing,  testing,  
and  requirements  of  our  project.  Many  American  Society  of  Mechanical  Engineers  drawing  
standards  applied  to  our  design,  and  we  focused  specifically  on  one  for  dimensioning  and  
another  regarding  the  overall  requirements  for  engineering  drawings.  Occupational  Safety  and  
Health  Administration  (OSHA)  standards  outline  the  personal  protective  equipment  needed  for  
safe  fabrication.  Because  the  system  will  transport  vaccines,  public  health  requirements  and  
guidelines  from  the  World  Health  Organization  and  the  Centers  for  Disease  Control  have  driven  
much  of  our  design.   
  
11.7.1  ASME  Y14.5  -  Dimensioning  and  Tolerancing   [27]  
This  standard  was  emphasized  during  the  process  of  creating  assembly  drawings.  It  specifies  
requirements  for  symbols,  datums,  and  other  aspects  of  dimensioning  and  tolerancing.  We  
implemented  this  standard  in  our  drawings  through  correct  labeling  and  identifying  the  
tolerancing  depending  on  the  part.  For  example,  Figure  61  is  a  SolidWorks  drawing  of  a  side  of  
the  hard  shell  compartment  for  our  project.  In  this  drawing,  we  labeled  each  dimension  and  put  
the  dimensions  on  the  views  that  make  the  most  sense.  Some  specific  dimensioning  decisions  
based  on  this  standard  include  the  thickness  of  the  wood  in  the  side  view  where  the  thickness  is  
shown  in  the  geometry,  and  placing  all  dimensions  for  the  top  and  side  cutouts  relative  to  an  




Figure  61.  Dimensioned  part  drawing  for  the  hard-shell  compartment.  
  
When  assigning  tolerances  for  parts,  we  considered  the  method  of  fabrication  for  the  part.  With  
the  hard-shell  side,  we  researched  the  tolerance  for  the  laser  cutter  that  would  be  used  for  this  
part.  Within  the  assembly  drawing,  tolerances  were  defined  in  the  bottom  right  corner  where  
SolidWorks  provides  space  for  part  names.  Figure  62  is  a  portion  of  the  tolerances  section  where  
we  defined  our  tolerances  based  on  the  laser  cutter  specifications.   
  
Figure  62.  Tolerances  for  the  hard-shell  compartment  drawing.   
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11.7.2  ASME  Y14.100-2017  -  Engineering  Drawing  Practices  [28]  
Each  subsystem  is  explained  to  those  manufacturing  and  assembling  it  through  assembly  
drawings,  so  ASME  drawing-related  standards  is  important  for  communicating  our  design.  Some  
subsystems  had  separate  part  drawings  as  well.  With  many  types  of  engineering  drawings,  we  
adhered  to  ASME  standard  Y14.100-2017  in  conjunction  with  ASME  Y14.5.  This  standard  
applies  requirements  and  preparation  of  engineering  drawings  overall.  We  implement  this  in  
drawings  like  Figure  63  where  we  provide  enough  detail  for  the  part  to  be  replicated.  Our  
understanding  of  this  standard  is  seen  in  our  other  drawings  as  well  like  Figure  61.  We  provide  a  
variety  of  clear  views  with  clear  labels  and  references  to  part  drawings.  Although  not  explicitly  
stated,  many  additional  ASME  drawing  standards  are  applicable  to  our  project.  
  
  
Figure  63.  Assembly  drawing  for  the  DC  motor  assembly.   
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11.7.3  OSHA  1910.133  -  Eye  and  face  protection  [29]  
Several  safety-related  OSHA  standards  are  relevant  to  our  project,  especially  as  it  relates  to  
prototype  fabrication  and  testing.  For  most  of  our  testing  and  construction,  eye  and  face  
protection  was  necessary.  OSHA  standard  1910.133  describes  the  use  of  appropriate  eye  and  face  
protection  when  being  exposed  to  flying  particles  and  other  hazards.  According  to  this  standard,  
eye  and  face  protection  must  provide  adequate  side  protection  or  coverage  against  floating  
debris.  Specific  instances  of  this  standard  in  our  project  include  wearing  face  shields  while  
cutting  foam  materials  as  well  as  goggles  while  using  hand  and  power  tools  for  construction.   
  
11.7.4  WHO  Specifications  -  E004/VC01.2  [23]  
This  specification  outlines  the  requirements  and  recommendations  for  typical  vaccine  cold  
boxes.  For  example,  it  covers  the  vaccine  storage  capacity  requirements,  closures,  and  vial  
holders.  Our  compartment  is  roughly  5  liters,  which  is  within  the  volume  specification  for  the  
short-range  performance  requirement.  The  specification  highlights  the  need  for  an  insulated  lid  
as  well  as  the  requirements  for  a  hinged  lid.  Our  compartment  lid  is  insulated  to  close  as  tightly  
as  possible  for  the  compartment  to  minimize  loss  of  cool  air.  The  lid  must  be  able  to  open  past  90  
degrees  which  we  ensured  in  the  construction  of  our  compartment.  Lastly,  this  specification  
describes  a  closure  device  to  ensure  the  carrier  does  not  open  unexpectedly.  We  used  multiple  
mechanical  latches  to  meet  this  requirement.  
  
11.7.5  CDC  Guidelines  -  Vaccine  temperatures  and  storage  [30],  [31]  
The  CDC  provides  guidelines  and  recommendations  for  vaccine  storage.  The  CDC  recommends  
using  a  digital  temperature  sensor  with  uncertainty  at  or  below  ±  0.5°C  and  including  fan-forced  
air  circulation.  With  these  guidelines  in  mind,  we  chose  a  DHT22  digital  temperature  sensor  with  
a  specified  ±  0.5°C  accuracy  to  verify  that  our  system  maintains  the  proper  temperature.  A  fan  
over  the  heat  intake  of  the  refrigerator  was  implemented  in  our  thermoelectric  cooling  design,  
and  the  vial  rack  configuration  was  tested  with  the  fan  and  compartment  to  ensure  that  all  vials  
are  at  a  uniform  temperature.  
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The  CDC  outlines  required  temperature  ranges  for  specific  types  of  vaccines  to  be  considered  
viable.  Different  types  of  vaccines  should  either  be  refrigerated,  frozen  or  stored  at  room  
temperature,  each  within  a  specific  range  of  temperatures.  Our  focus  is  on  refrigerated  vaccines  
which  must  be  held  between  2-8°C,  as  outlined  by  the  CDC.   
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Chapter  12  Summary  and  Conclusions  
Our  bicycle-powered  refrigeration  system  seeks  to  expand  access  to  lifesaving  medicines  and  
vaccines  by  enabling  temperature-controlled  transit  to  remote  locations.  Our  project  goal  is  to  
build  a  robust,  environmentally  friendly,  affordable,  and  human-centered  solution  that  is  different  
from  current  market  options.  Over  the  past  nine  months,  we  tested  and  created  at  least  two  
prototypes  of  five  subsystems,  then  successfully  integrated  them  into  a  road  ready  system.  Our  
system  captures  the  kinetic  energy  of  pedal  power,  stores  it,  converts  it  to  electricity,  and  uses  the  
energy  to  run  a  thermoelectric  refrigeration  system.  A  durable  insulation  compartment,  
thermoelectric  optimization,  and  effective  heat  dissipation  allow  for  efficient  refrigeration.  
Through  this  report,  these  components  and  subsystems  have  been  presented  in  detail  in  hopes  
that  a  future  senior  design  team  can  expand  upon  this  project.  
  
12.1 Overall  Evaluation  of  Design  
Despite  members  residing  in  different  states  and  the  logistical  challenge  and  time  delay  of  
shipping  prototypes  and  components  between  team  members,  we  were  still  able  to  complete  this  
project  100%  virtually  and  socially-distanced.   
  
We  were  able  to  power  our  design  using  only  electricity  generated  by  rotating  the  bicycle  pedals.  
Our  design  is  portable,  lightweight,  and  can  be  adapted  to  most  23  to  29  inch  bicycles,  even  
those  without  mounting  holes  to  attach  a  back  mount  to.  The  refrigerator  holds  5L  of  contents,  
while  fitting  compactly  on  the  back  of  a  bicycle.  The  interior  of  the  refrigerator  compartment  is  
20 °C  cooler  than  the  ambient  environmental  temperature,  so  our  design  works  in  up  to  28 °C  or  
82.4 °F  weather  conditions.  Our  projected  product  price  of  the  power  supply,  control,  mounting, 








12.2 Suggestions  for  Improvement  
As  with  any  project,  ours  is  not  perfect  and  we  have  many  avenues  for  improvement  we  would  
like  to  pursue  with  more  time  and  better  access  to  laboratory  equipment.  We  believe  that  the  
system  can  be  further  optimized  to  generate  energy  more  efficiently  while  decreasing  the  burden  
on  the  rider,  making  it  even  more  robust  against  collisions,  waterproofing,  adapting  for  
mass-manufacturing,  and  functioning  in  much  warmer  environments.  Overall  suggestions  for  our  
product  include  optimizing  for  hotter  environments,  reducing  the  reliance  on  fans,  better  
securing  the  platform,  creating  a  permanent  tensioner  for  the  motor  chain  to  increase  the  power  
output  by  the  generator,  weatherproofing,  and  improving  compartment  sealing  and  capacity.  
A  major  area  for  improvement  is  in  the  compartment  and  refrigeration  subsystems.  If  not  for  
limitations  caused  by  COVID-19,  we  planned  to  use  a  temperature  controlled  testing  chamber  to  
optimize  the  system  for  up  to  100 °F  or  38°C  conditions,  allowing  it  to  be  used  practically  
anywhere  in  the  world.  Testing  in  hotter  environments  would  allow  for  experimental  
optimization  of  thermoelectric  modules,  heat  dissipation,  and  insulation  under  greater  
temperature  difference  because  components  behave  differently  as  the  temperature  increases.  
High-temperature  testing  could  validate  the  refrigerator  upper  bound  for  maintaining  the  required  
temperature  range  to  keep  vaccines  viable.  If  possible,  a  later  prototype  would  have  sufficient  
heat  dissipation  without  fans  to  reduce  the  power  requirement.  
While  our  final  prototype  compartment  closes  quite  tightly,  we  would  like  to  provide  even  better  
sealing,  ideally  refrigerator-grade  sealing,  to  prevent  all  leakage  of  air  or  moisture  into  and  out  of  
the  compartment.  With  this  improvement,  our  product  can  endure  harsh  weather  conditions  like  
rain  and  because  of  the  tight  insulation,  higher  temperature  environments.   One  suggestion  from  
our  second  round  of  interviews  was  to  add  a  handle  to  the  compartment  or  make  it  into  a  
backpack  so  users  may  carry  other  necessary  supplies  in  their  hands.   
The  platform  can  be  improved  by  designing  it  to  withstand  inclement  weather  conditions.  In  the  
prototype,  the  electronic  components  are  exposed  so  rain  could  fall  directly  onto  them,  disrupt  
connections  between  components,  and  potentially  render  the  system  unusable.  An  idea  for  the  
platform  design  is  adding  buckles  and  straps,  like  the  ones  seen  on  small  backpacks,  to  secure  all  
the  components  onto  the  inner  tray  as  pictured  in  Figure  64.  We  did  not  implement  this  into  our  
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final  product  because  the  straps  we  could  obtain  were  too  bi g,  obstructing  the  connections  
between  subsystems,  blocking  electrical  readouts,  and  breaking  thin  wires.  Though  the  walls  of  
the  platform  are  high  enough  so  components  will  not  fall  out  easily,  securing  the  pieces  with  
buckles  would  keep  components  in  place  during  severe  collisions,  on  steep  or  bumpy  roads,  or  if  
the  inner  tray  fell  out  from  the  outer  frame.   Another  improvement  to  the  platform  design  is  
making  the  compartment  easier  to  open.  In  the  prototype,  to  access  the  vaccines  after  
transportation,  the  user  must  lift  out  the  compartment  from  the  top  because  the  side-opening  lid  
is  blocked  by  the  walls  of  the  tray.  One  solution  could  be  adding  handles  to  make  the  
compartment  easier  to  remove  from  the  inner  tray.  Another  approach  is  to  add  a  door  on  the  side  
wall  of  the  inner  tray  so  the  compartment  can  slide  in  and  the  refrigerator  door  could  be  opened  
without  removing  the  entire  apparatus.  
  
  
Figure  64.  Idea  of  adding  buckles  and  straps  onto  platform  to  secure  components  in  place.  
  
In  order  to  obtain  more  power  from  the  generator,  extend  the  life  of  the  battery  significantly,  and  
ensure  a  smooth  ride  for  the  operator,  a  permanent,  secure  tensioning  system  is  required.  For  our  
second  prototype,  the  first  prototype  to  use  a  tensioning  system,  our  primary  testing  results  were  
achieved  connecting  a  flathead  screwdriver  to  the  side  of  the  generator.  This  pushed  down  the  
motor  chain,  tensioning  and  redirecting  it  to  make  a  wider  turn  around  the  motor  sprocket  to  
ensure  good  contact  between  the  motor  chain  and  the  teeth  of  the  sprocket.  Our  third  and  final  
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prototype  used  a  zip  tie  looped  around  the  one  side  of  the  motor  chain  and  pulled  tightly  upwards  
away  from  the  other  end  of  the  chain  to  tension  it  and  secure  it  in  place  around  the  rear  gear  and  
the  motor  sprocket.  While  both  of  these  approaches  worked  temporarily,  a  permanent  solution  
would  be  required  to  make  this  a  marketable  product.  Our  suggested  adjustment  is  to  machine  
(lathe  cut)  a  small  rod  of  mild  steel  into  a  thin,  4  inch  rod  and  weld  it  to  the  inside  wall  of  the  
motor  bracket.  This  allows  the  tensioner  to  be  transferred  onto  a  different  bike  with  the  motor.  
The  motor  chain  could  be  sized  to  fit  around  this  rod  tensioner  regardless  of  the  setup  of  the  
bicycle  frame  -  keeping  our  design  simple  and  implementable  on  a  variety  of  bikes  shapes  and  
sizes.  Adding  an  extra  protective  housing  around  the  motor  assembly,  wiring,  and  chain  would  
protect  the  motor  from  impacts,  dust,  and  debris.  
The  system  can  also  be  adapted  and  optimized  for  new  use  cases.  The  system  can  be  used  as  a  
plug-in  portable  cooler  if  given  a  charging  adapter  and  making  a  housing  specifically  for  easily  
carrying  the  cooler,  battery,  voltage  regulator,  and  control  system.  Potential  users  expressed  
interest  in  a  motorcycle  version;  this  would  require  stronger  housing  and  padding  because  of  the  
rougher  forces  and  winds  encountered  by  motorcycle,  a  system  to  mount  it  securely  to  a  
motorcycle,  and  power  conversion  to  use  the  motorcycle  as  a  power  source.  The  size  of  the  
refrigerator  can  be  increased  or  decreased  for  different  applications,  however  if  the  size  is  
changed  significantly,  the  thermoelectric  modules  must  be  further  optimized  and  the  
compartment  redesigned.  The  system  could  be  adapted  to  charge  using  solar  panels  instead,  
however  the  size  of  the  solar  panels  would  likely  make  it  less  portable. 
  
12.3 Lessons  Learned  
Each  of  our  prototypes  and  experiments  led  to  new  knowledge  that  improved  our  design.  Early  
experiments  to  measure  airflow  around  a  bicycle,  maximum  speed,  and  speed  with  added  weight  
were  used  to  set  our  weight  limits,  calculate  the  theoretical  maximum  power  we  could  generate,  
set  the  speeds  used  for  power  generation  testing,  and  determine  that  wind  cooling  is  not  
sufficient.  Disassembling  a  market-available  thermoelectric  refrigerator  helped  set  datums  and  
understand  what  components  are  necessary.  From  the  fridge  experiments,  we  learned  which  
thermoelectric  module  properties  are  best,  and  validated  our  calculations  about  heat  sink  and  fan  
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properties.  Trying  to  use  our  early  insulated  compartment  prototype  helped  us  observe  that  it  is  
awkward  to  have  both  the  lid  and  heat  pipe  through  the  top,  so  we  moved  the  lid  to  the  side  and  
the  heat  pipe  to  the  center  for  more  uniform  temperature.  The  rack  tests  showed  us  that  airflow  
through  the  system  is  necessary,  so  we  added  ventilation  holes  in  the  structure.  Control  system  
experiments  with  different  sensors,  transistors,  and  relays  were  necessary  to  select  accurate  and  
reliable  components.  Voltage  regulation  and  charge  control  experiments  showed  that  
inefficiencies  in  converting  voltages  meant  that  we  should  stay  as  close  to  the  same  voltage  
throughout.   
Even  our  mistakes  led  to  new  knowledge.  Significant  time  and  money  was  spent  trying  to  use  a  
hub  motor  that  turned  out  to  be  impractical.  Even  though  it  would  enable  regenerative  braking,  
the  pulse  width  modulation  control  required  would  require  too  many  conversions  and  additional  
components.  Research  into  compression  refrigeration  or  compressed  air  energy  storage  was  
ultimately  not  implemented,  but  allowed  us  to  understand  the  benefits  of  our  selected  technology.   
Overall,  this  project  gave  us  valuable  experience  in  collaboration  and  communication.  Without  
the  ability  to  have  a  single  in-person  meeting,  clear  written  communication  was  necessary  to  
transfer  knowledge.  Videoconferencing  necessitated  that  meetings  be  short  and  focused,  
excellent  practice  in  explaining  ideas  quickly,  and  efficient  delegation  of  work.  This  remote  work  
experience  will  be  valuable  as  more  employers  shift  to  hybrid  and  remote  work  models.   
Each  member  took  on  individual  focus  areas,  and  we  relied  on  each  other  to  thoroughly  
understand  a  specific  subsystem  or  component.  We  agreed  early  on  to  hold  each  other  
accountable  and  set  ambitious  goals.  During  a  time  of  intense  social  and  political  strife,  we  saw  
the  value  in  respectful  dialogue,  discussing  ideas  without  criticizing  individuals,  with  a  focus  on  
creating  the  best  possible  result.  Our  successes  even  in  the  face  of  personal  struggle,  juggling  
career  searching,  graduate  school  applications,  and  challenging  courses  demonstrated  the 
importance  of  these  team  values.   
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Appendix  A  Project  Design  Specifications  
Datum  description:  General  electric  bike  specifications,  thermoelectric  vaccine  refrigeration  
system,  mini-fridge  specifications,  general  statistics  of  a  casual  bike  rider.  
  
Table  A1.  PDS/Requirements  
  
  




ELEMENTS  /  REQUIREMENTS  
  
PARAMETER  
  UNIT  DATUM  TARGET  RANGE  
Temperature  of  Compartment  °C 3.4 2-8°C 
Minimum  “Cold”  Time  hours 30.0 4.0 
Minimum  Speed  of  User  MPH 1.0 5.0 
Pedal  Energy  Captured  W 100 10-60 
Power  Input  to  Thermoelectric  
Module  
W 150.0 25 
Weight  of  Refrigeration  System  kg 4.5 <  4.5 
Weight  of  Power  System  kg 6.8 <  9.1 
Total  Weight  of  Bike  kg 17.2-31.8 <  31.8 
Market  Price  USD 1500 <  600 
Lifetime  of  Product  yrs 3-5 3 
Materials  N/A Aluminum, 
steel,  carbon 
fiber 
Aluminum,  various  metals 
and  wood  for  components 
and  structure  mounting 
Total  Power  Consumption  W 25 <  30.0 
Refrigerator  Volume  L 0.83 >  4.0 
  





Customer:  Tony  Jabuka  
Customer  Occupation:  Bike  Shop/Repair  Owner 
Interviewer:  Lindsay  McConville  
Date:  October  20,  2020  
Willing  to  do  follow-up?  Yes  
  
QUESTION/PROMPT  
CUSTOMER  STATEMENT INTERPRETED  NEED  
DISTANCE  TRAVELLED Delivery  point  is  usually  
within  5  miles  
   
Refrigeration  system  may  
only  need  to  run  for  short  
periods  of  time  
   
TYPE  OF  BIKE  A  mountain  bike  would  fit  the 
bill  since  it  is  more  durable  
and  has  the  ability  to  ride  over 
many  types  of  surfaces.  A  
hardtail  (bike  with  only  front  
suspension)  would  be  best.  
   
Bike  should  be  fit  to  ride  over  
various  types  of  terrain  (paved 
road,  dirt,  etc.)  in  a  variety  of  
conditions  (rain,  snow,  etc.)  
ACCEPTABLE  WEIGHT Most  electric  bikes  weigh  in  
the  range  of  50  lbs.  This  still  
allows  the  rider  to  pedal  
without  assistance  if  needed.  
Most  hardtail  mountain  bikes  
weigh  about  30lbs  
   
Refrigeration  and  power  
generation  system  should  be  









RETROFIT  OR  
INTEGRATED  SYSTEM? 
I  don’t  think  I  would  consider  
building  a  bike  from  scratch  
with  a  refrigeration  system.  
Too  small  of  a  market.  
   
Potential  larger  market  for  
retrofitted  cooling  system  and  
more  economical  
POWER  GENERATION  Another  way  to  charge  the  
cooler  is  to  us  a  generator  that 
rubs  on  a  tire.  Again,  
allowing  the  unit  to  be  
retrofitted  on  many  types  of  
bikes.  
   
With  the  increase  in  weight,  
extra  generation  may  be  
necessary.  A  generator  that  
rubs  against  tire  could  be  a  
means  of  extra  power.  
OTHER  POSSIBLE  
MARKETS  
EMT  unit  in  a  congested  city  
or  beer  delivery  in  a  busy  
college  town  
Lots  of  potential  markets  and  
customers  out  there.  
Customer:  Peter  Woytowitz  
Customer  Occupation:  Engineer  at  Bike/3D  printing  startup,  
Professor  
Interviewer:  Brian  
Date:  October  20-22,  2020  
Willing  to  do  follow-up?  Yes  
  
QUESTION/PROMPT  
CUSTOMER  STATEMENT INTERPRETED  NEED  
How  much  efficiency  is  
lost  by  adding  weight?  Is  
there  a  maximum  
acceptable  weight?  
Remember  in  the  end  all  
energy  expended  is  put  in  by  
the  rider.   So  the  less  energy  
put  in  moving  the  bike  around  
the  more  energy  available  for  
the  refrigerator.   So  first  you  
must  calculate  the  energy  
required  to  keep  the  
There  is  no  exact  hard  limit,  
but  from  calculations  and  
testing  we  will  need  to  find  
the  optimal  point  between  











refrigerator  effective.   Second  
calculate  energy  likely  
available  from  a  typical  bike  
rider.   The  difference  is  what  
is  left  to  propel  the  bike.   This  
will  allow  you  to  trade  off  how 
much  weight  the  bike  is  
acceptable.  
Do  you  think  that  there  
would  be  a  market  in  the  
US  for  our  product,  and  
how  much  would  
customers  be  willing  to  pay  
for  it?  
This  looks  like  a  great  and  
socially  important  project.  Not 
as  much  in  the  US.  
Maybe  it  is  better  to  focus  
on  developing  nations  as  a  
market.  
Customer:  Robert  Marks  
Customer  Occupation:  Professor  at  SCU  
Interviewer:  Kerri-Ann  Kamei  
Date:  Oct.  19,  2020  





INTERPRETED  NEED  
If  you  were  offered  a  bike  
refrigeration  system  today,  
what  questions  or  concerns  
would  you  have  about  it?  
  
  
Why  don’t  you  currently  
bike  through  route  to  







Difficult  to  carry  everything  
(groceries)  home  on  a  bike  
Does  not  interrupt  a  user's  
ability  to  ride  a  bike.   




Bike  is  still  ride-able/  
remains  balanced  with  
additional  weight  of  goods.  
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transport  temperature  




















How  else  could  a  bike  
refrigeration  system  be  











Typical  container  used  to  









Would  you  be  more  










Typical  temperature  for  
groceries;  40ºF.  Not  very  
worried  about  this  since  
goods  only  kept  in  
transportation  unit  during  
transit.  Upon  arrival  to  
destination,  goods  
immediately  placed  in  
refrigeration  system  at  home  
  
Thinks  this  product  is  
interesting  because  wants  to  
keep  a  water  bottle  cold  while 
on  a  long  bike  ride.  
  
  
Doesn’t  want  some  items  to  
get  smashed,  other  items  that  




Grocery  bags.  Ice  chest  if  




Max:  $1000.  But  not  
something  he  would  make  it  a 
priority  to  buy  
  
  





   Lightweight   
  
  
Keep  items  cold  for  the  




Goods  must  be  kept  at  40ºF  










Volume  of  container  should 
be  able  to  hold  a  water  





Stable  enough  that  loose  
items  (not  in  boxes)  will  not  
get  damaged  if  items  shift  
during  transit   
  
  
Durable  like  a  grocery  bag  









  System  can  be  removed  
from  the  bike.  System  can  
be  attached  to  the  user's  own 
  
   
122  
connects  to  and  detaches  
from  an  existing  bike?  Or  a  
bike  with  a  permanent  
refrigeration  system?  
  
  
Is  your  current  route  
practical  to  bike  through?  
  
  
Imagine  you  forgot  1  to  a  
few  things  at  the  grocery  
store,  say  enough  to  fit  in  
one  grocery  bag:  Would  you  
be  interested  in  a  product  
that  keeps  perishables  at  a  
safe  temp  while  biking,  and  
requires  no  ice  or  external  
power  as  opposed  to  taking  









Personally,  no.  Not  for  
grocery  shopping.  
  
bike  (user  doesn’t  need  to  
purchase  a  new  bike).   
  
  
Use  of  common  terrain  in  
developed  area   
  
  
Focus  on  use  for  small  





Customer:   Zachary  Peterson  
Customer  Occupation:  Postmates  Employee 
Interviewer:  Zachary  Gotvald  
Date:  10/23/20  
Willing  to  do  follow-up?  Yes  
  
QUESTION/PROMPT  
CUSTOMER  STATEMENT  INTERPRETED  NEED  
How  far  do  you  typically  
travel  to  deliver  food?  
The  farthest  I  usually  travel  is  
6-7  mile.  
The  bicycle  has  to  be  
designed  where  it  can  be  
used  for  traveling  longer  
distances  in  short  amounts  of 
time.  The  resistance  of  the  
power  generation  cannot  be  
too  large  where  it  is  
detrimental  to  the  rider’s  
experience.  
How  large  are  the  orders  
you  are  carrying?  
If  I  am  just  transporting  one  
order  it  could  fit  in  a  1-2  gallon  
area.  
If  food  is  the  desired  load,  
then  the  refrigerator  has  to  
be  designed  larger  than  it  
may  be  if  medicine  was  the  
desired  load. 
What  is  the  desired  
temperature  range  
Usually  you  want  the  food  to  
stay  warm  so  you  wouldn’t  put  
it  in  a  refrigerator.  If  you  get  an  
order  from  somewhere  like  an  
ice  cream  shop  or  something  
then  maybe  around  40 O   F  
For  food  the  exact  
temperature  is  not  that  
critical,  however  the  ability  
to  switch  between  off  and  
cold  is  desired.  
  
124  
What  methods  have  you  
used  to  transport  food  
before,  and  would  you  be  
willing  to  use  a  bicycle?  
I  have  only  ever  used  a  car  to  
deliver  food  before,  but  if  the  
deliveries  weren’t  that  far  away 
I  would  use  a  bike  for  the  
additional  exercise.  
Use  of  our  product  is  reliant  
on  if  the  customer  feels  like  
using  it,  rather  than  needs  to  
use  it.  
Do  you  prefer  a  system  
that  connects  and  detaches  
from  an  existing  bike  or  a  
custom  bike  with  a  
refrigeration  system  built  
in?  
I  would  prefer  a  detachable  
system  since  it  would  probably  
be  cheaper  and  I  already  have  a  
bike.  
A  one  size  fits  all  system  
would  be  preferable  as  it  
would  allow  people  to  select  
the  specific  bicycle  they  
want  to  use,  rather  than  have  
to  go  with  whatever  one  we  
select.  
How  would  a  bicycle  
refrigeration  system  be  
useful  to  you?  
If  there  is  a  lot  of  traffic  and  the 
deliveries  aren’t  that  far  away  
then  it  makes  sense  to  just  have  
a  bike  to  deliver  the  food.  The  
only  issue  is  the  majority  of  the  
food  I  deliver  is  warm,  so  there  
isn’t  much  point  in  using  a  
refrigerator  for  that  kind  of  
delivery.  
Answered  in  follow  up  
question.  
How  could  we  make  the  
bicycle  refrigerator  more  
useful  to  you?  
If  there  was  a  way  to  get  the  
refrigerator  to  cool  quickly,  it  
would  be  nice  to  have  it  off  for  
when  I  have  warm  food  
deliveries,  then  turn  it  on  if  I  
get  a  cold  delivery,  since  if  
there  is  a  battery  I  will  be  
charging  it  the  entire  time.  
Include  an  on/off  switch  on  
the  refrigerator  to  allow  the  
user  to  charge  the  battery,  
then  only  use  the  refrigerator 
when  they  are  transporting  
food  that  requires  cooling.  
This  relies  on  the  
refrigerator  being  able  to  










If  you  were  offered  a  
bicycle  refrigeration  
system  today,  what  
questions  or  concerns  
would  you  have  about  it?  
I  am  not  sure  what  size  would  
be  optimal  for  food  delivery.  If 
it  is  too  small  then  there  will  be 
no  room  for  larger  orders.  If  it's 
too  big  then  the  food  will  move  
around  and  spill  while  inside  
since  bikes  aren’t  very  steady.  
Size  is  an  issue  when  
determining  what  the  
designed  contents  are  going  
to  be.  A  larger  space  would  
work  for  food,  but  may  lead  
to  medicine  not  being  safely  
transported,  and  if  it  is  small  
for  medicine  delivery,  food 
may  not  fit  in  the  container.  
Customer:  Dr.  Tonya  Nilsson  
Customer  Occupation:  SCU  Engineering  Professor,  EWB-SCU  
Faculty  Head 
Interviewer:  David  Gilbert  
Date:  10/26/2020  





INTERPRETED  NEED  
  






  USE  FOR  VACCINE   









My  first  mountain  bike  had  a  
weight  of  33lbs.  It  was  
cumbersome  to  push  uphill  




From  what  we  saw  in  
Rwanda  and  other  
films/documentaries,  those  
working  with  vaccines  
typically  have  access  to  cars  




Aim  to  keep  the  total  weight  
of  the  added  refrigeration  
system  under  10-15lbs.  (Not  
exceeding  a  total  combined  
weight  of  45lbs)  
  
Consider  alternative  concepts  







Consider  extracting  power  to  





























  COST  CONCERNS  
There  are  coolers  that  work  
in  cars  but  they  are  expensive 
and  I  don’t  know  that  there  
are  any  that  are  designed  to  
fit  well  on  a  motorbike.  
What  about  designing  a  
significantly  more  frugal  
cooler  that  runs  off  the  
motorbike  or  car  battery?  
  
This  could  be  for  first  world  
problems.  The  weight  would  
not  matter  as  much  for  this  
use  (assuming  a  relatively  
easy  path  to  and  from  the  
store).  An  electric  bike  with  a 





You  are  right  to  be  worried 
about  the  weight  and  cost  
(initial  estimate  given  was  
70lbs  and  $800).  
from  the  heat  released  by  the  
exhaust  system  (Seebeck  
effect  with  TE  modules)  or  via 
car  battery.  People  prefer  to  
not  use  a  pedal  bike  in  their  




Potentially  focus  more  of  our  
market  attention  towards  
first-world  individuals  who  
are  interested  in  this  
alternative,  healthy  approach  
to  accomplishing  weekly  
errands.   
  
  
Try  to  limit  our  costs  even  
more  and  put  serious  
emphasis  on  the  frugal  goal  of 
our  project.  Keeping  the  cost  
below  $500  at  a  maximum  
would  be  more  ideal  
(developing  regions  would  
probably  require  less  
assuming  sponsorship  from 





Customer:  Alexis  “Amani”  Simbayobewe  
Customer  Occupation:  Rwandan  Non-Profit  Founder  
Interviewer:  David  Gilbert  
Date:  10/27/2020  





INTERPRETED  NEED  
  
USUAL  DISTANCE  
TRAVELLED  WHILE  
TRANSPORTING  GOODS  
  









WHAT  TYPE  OF  
CONTAINER  DO  YOU  
USUALLY  USE  TO  HOLD  









HOW  ELSE  COULD  A  BIKE 
REFRIGERATOR  SYSTEM  










In  the  cities,  not  a  problem.  
Has  to  be  able  to  climb  hills 
without  too  much  added  
stress  (Rwanda  is  very  
hilly).  Also  has  to  be  able  to 
endure  mud  and  handle  
unstable,  bumpy  roads.  
  
Just  a  simple  sack  or  
cardboard  box.  Every  time  I 
ride  home  from  the  market  
with  groceries  on  my  lap  or  
head,  most  things  get  
destroyed  by  the  time  the  
moto  taxi  ride  is  over.  No  
options  for  insulation.  
  
  
Have  split  compartments,  
one  for  storing  cold,  
another  for  keeping  hot  
food  warm.  Or  be  able  to  
switch  between  a  
refrigerator  and  a  heater.   
Also  have  a  seperate  
compartment  to  store  things 
  
Be  able  to  keep  goods  cold  




Go  with  a  mountain  bike  
base  with  good  suspension  
and  support  for  added  
weight  on  the  back  of  the  




Have  a  very  secure/stable  
container  that  also  acts  as  an  
effective  insulator  (for  








Maybe  figure  out  a  way  to  
utilize  the  hot  side  of  the  TE  
module  to  create  a  warmer  
compartment  or  use  the  
insulation  of  the  container  to  
keep  everything  warm  for  at  











DETACHABLE  OR  





IS  THIS  SOMETHING 




























outside  of  the  fridge,  so  




Both.  Make  sure  it’s  rugged 
and  easy  to  remove  so  it  
doesn’t  get  destroyed  while  
detaching.  
   
Mostly  in  cities  and  flat  
regions  where  bikes  are  
more  common.  People  who  
deliver/shop  regularly  could 
like  it.  Vaccines  and  
medicines  would  be  a  good  
market.  
Rwanda  has  been  moving  
forward  on  a  new  plan  to  
cultivate  undeveloped  areas  
and  build  up  infrastructure  
and  agriculture.  This  could  
be  useful  for  supplies  or  
carrying  harvests  to  market. 
Developing  areas  like  our  
EWB  community  carry  
20kg  of  water  for  2-3  km  
frequently.  
  
4L  is  large  enough  as  long 
as  there  is  much  more  room 
outside  of  compartment  to  
store  other  things  without  
tying  them  down  
  
Make  it  very  clear  in  design 
and  limited  space  that  other  
people  are  not  allowed  to  
ride  on  it  as  passengers.  
Everyone  will  try  to  fit  a  
couple  people  on  it.  By   
designing  it  to  prohibit  this,  
it  will  protect  the  system.  
  
Could  also  potentially  have  a 
separate  luggage  
compartment  on  the  sides  of  
the  back  of  the  bike.   
  
Have  an  easy,  integratable  
attach/detach  system  from  
the  back  of  the  bike  frame.  
  
Potential  markets  stronger  in 
cities  and  flat  regions  for  



















Will  need  to  increase  our  
carrying  capacity  
significantly  -  even  if  not  all  
in  the  fridge.  
  
Limit  the  space  in  between  
the  rider  and  the  cooler,  and  
maybe  add  extra  protection  
around  the  cooler  to  keep  it  
safe  in  case  of  crashes  or  













































More  often,  people  have  to  
keep  things  warm  as  
opposed  to  cold  
  
How  long  would  it  last,  
even  after  pedaling.  3-4  
hours  is  good.  
  




Have  a  lasting  coolness  of  at  
least  3  hours  after  pedaling  
stops.  
  




Customer:  Leilani  Marcos  
Customer  Occupation:  Registered  Nurse  at  Kapiolani  Medical  Center 
Interviewer:  Kerri-Ann  Kamei  
Date:  March  28,  2021 





INTERPRETED  NEED  
  
How  does  your  facility  









What  heat-sensitive  items  do  





How  do  you  typically  
transport  your  heat-sensitive  
items  from  your  facility  to  its  
final  destination?  
  
  
  How  long  would  you  want   
  an  ideal  cooler  that’s   
  supposed  to  just  transport   
  things,  not  a  permanent   
  storage  container,  to  keep   
  items  cold  for?  
  
  
Similar  to  styrofoam  fishing 
coolers.  A  pop-on  lid  so  it’s  
not  very  secure.  Ice  pack  
with  “freeze-jelly”  contents  
and  disposable  paper  
thermometers  included.  
About  the  size  of  one  and  a  
half  toaster  ovens   
  
Flu  and  Covid-19  





Kept  in  refrigerator  at  
pharmacy  at  main  hospital  
because  larger  storage.  
Main  person  picks  up  from  
pharmacy  on  day  of  
administration.   
  
At  the  administering  site,  
there  are  several  stations  
and  each  station  gets  one  
smaller  refrigerator  of  
vaccines.  Syringes  are  
pre-filled  and  kept  on  top  of  
an  ice-pack  to  keep  cool  
  
Secure  lid,  temperature  
sensor  during  transportation, 
size  of  compartment  should  
be  around  one  and  a  half  





Keep  vaccines  cool  right  up  
until  the  point  of  
administration.  A  small  
enough  cooler  that  a  single  
person  can  carry  it  
  







Use  in  countries  where  it’s  
quite  hot.  Target  audience  











Would  you  be  interested  in  a  
way  to  transport  your  




  How  much  would  be  
  willing  to  spend  on  a   
  system  that  connects  to   
  your  existing  bike,  meets   
  your  size,  weight,  and   














What  other  features  would  







Using  1  or  2  ice  packs  
inside  of  cooler  that  are  
constantly  changed  
throughout  the  day,  ideally  
8-12hours  
  
Depending  on  environment.  
For  big  cities,  its  
impractical  because  there’s  
already  an  efficient  method  
using  cars,  but  
transportation  in  other  
countries  could  definitely  be 
useful.  Keep  in  mind  that  
3rd  world  countries  tend  to  
be  hot.  Maybe  small  house  
visits  too  
As  cheap  as  possible.  
$300-$500  is  reasonable.  
Dependent  on  how  much  




A  handle.  Somehow  strap  it  
to  back  because  there  are  
other  things  that  need  to  be  
carried  in  the  hands.  A  
secure  lid 
  
  
Maximum  price  range:  $500 
but  if  we  can  get  below  
$300,  that  would  be  best  
  
  
Ease  of  carrying.  A  handle?  
Or  maybe  a  strap  to  wear  






Customer:  Allie  Sibole  
Customer  Occupation:  Product  Development  Engineer  at  PATH  
Interviewer:  David  Gilbert,  Zach  Gotvald,  Kerri-Ann  
Kamei,  Lindsay  McConville,  Brooke  Watson,  
and  Brian  Woo-Shem  
Date:  April  19,  2021  





INTERPRETED  NEED  
What  are  specifications  your  
team  tries  to  meet  when  











What  is  the  biggest  challenge  
your  team  faces  when  











Can  you  tell  us  more  about  the 
PATH’s  Freeze-Safe  vaccine  
carrier?  
  
WHO  has  specifications  on  
size  of  last  mile  vaccine  
carriers  such  as  stays  cold  
for  15  hours,  must  be  at  
least  1L.  There  are  also  
power  requirements  for  
preventing  the  freezing  of  
vaccines.  Long  range  
carrier  should  last  30+  
hours.  Carriers  need  to  be  




separating  vials  from  
cooling  element,  optimizing 
insulation  vs  volume  and  
mass,  efficiency  of  
thermoelectric  modules,  
what  to  do  if  transporting  a  
mix  of  vaccines  where  
some  need  to  be  kept  at  
room  temperature  and  
others  at  freezing  or  
near-freezing  temperature.  
  
First  launched  in  2018.  
Similar  to  typical  vaccine  
carrier  of  lined  box  with  ice 
pack  slots.  Unique  feature:  
Carrier  should  be  able  to  
maintain  required  
temperature  for  15  hours  in  
43 °C  ambient  temperature . 
Compartment  must  have  
capacity  of  at  least  1L.  Meet  
WHO  standards  for  power  
requirements.  Don’t  allow  




Temperature  control  so  
vaccines  don’t  freeze  and  
also  for  vaccines  with  
different  temperature  ranges  
required  to  remain  viable,  
optimizing  insulation  vs  
volume  and  mass,  
optimizing  efficiency  of  
thermoelectric  module  to  
work  in  hotter  environments 
  
  
Protect  vaccines  from  being  
too  close  to  cooling  element  
that  it  freezes.  Use  
equipment  that  doesn’t  react  











How  do  you  test  vaccine  





What’s  the  expected  cost  of  a  










How  does  your  team  consider  
damage  protection  in  the  




















liner  to  separate  vaccinee  
from  ice  packs.  Uses  phase  
change  material-  water-  
that’s  the  same  temperature  
as  air  to  buffer  temperature  
  
Replicate  conditions  in  lab  
such  as  an  environmental  
chamber.  Can  also  do  
thermal  modelling 
  
About  $50  for  a  passive  
cooling  vaccine  carrier  and  
about  $200-$300  for  power  
carriers.  If  designing  a  
power  carrier,  want  it  to  be  
lower  than  cost  of  low-cost  
refrigerator  but  more  
expensive  than  normal  
vaccine  carrier  
  
Passive  cooling  elements  
are  easier  because  there’s  
not  much  to  damage  
whereas  electronics  are  
sensitive  so  they  must  be  
contained.  Vaccine  vials  are 
actually  quite  hardy  so  
don’t  need  to  worry  about  
them  too  much  when  
dropped.  
  
Considered  way  to  keep  
track  of  number  of  vials,  
moving  vials  along  a  track  
when  one  is  removed,  tray  
with  cutouts  for  vials  to  lie  
in  when  tray  is  shaken.  In  
reality,  vaccines  are  put  in  
Ziploc  bags  to  prevent  
condensation  from  
appearing  on  the  vial  and  
causing  the  vial’s  label  to  
become  indecipherable.  
Some  space  between  vials  







Try  to  create  as  close  to  
customer’s  environmental  
conditions  as  possible.  
Conduct  thermal  modelling  
otherwise  
  
Around  $200-$300  is  










Protection  of  electronics  is  
just  as,  if  not  more,  
important  as  protection  of  








Prevent  condensation  formin 



























How  do  you  overcome  the  
language  barrier  that  can  
affect  the  user’s  experience  
when  your  product  will  be  














maintain  their  temperature  
but  doesn’t  make  a 
significant  difference.  
  
User-centric  design  
community  which  
prioritizes  empathy  and  
listening  to  consumers.  
Speak  with  people  
managing  problem  at  
country  level.   
5L  compartment  is  big  for  
outreach  session  but  there  
has  been  a  demonstrated  
market  for  it.   
  
When  designing   a  way  to  
attach  and  detach  
everything  from  the  bike,  
make  it  intuitive  and  easy  
and  emphasize  the  
consequences  if  the  
directions  are  not  followed.  
This  way,  the  user  will  be  










Take  a  user-centric  design  
approach.  Even  if  difficult  to 
connect  with  actual  potential 
users,  try  to  connect  with  
others  who  may  understand  







Attaching  and  detaching  
from  bike  should  be  intuitive 
and  easy.  May  need  to  create 
user  manual 
      
  
Appendix  D  Customer  Selection  Matrix  
Four  main  customer  groups  were  identified  during  the  early  planning  of  our  project.  
Humanitarian  Food  &  Medicine  Delivery :  Enable  delivery  of  perishable,  
temperature-controlled  medicines  and  foods  to  remote  regions.  Requires  low-cost,  rugged  
device.  (Customer  Interviewed:  Alexis  “Amani”  Simbayobewe)  
Bike  Rentals :  Commercial  shops  or  services  offering  short  term  (day)  rentals  to  customers.  
Adding  refrigerator  bikes  to  their  fleets  could  increase  demand.  (Customer  Interviewed:  Tony  
Jabuka) 
Luxury  Customers :  High-end  consumer  bicycle  market.  Customers  who  are  avid  bikers  and  are  
willing  to  pay  extra  for  a  bicycle  with  refrigeration  capability  to  keep  small  items  cold,  such  as  a  
water  bottle,  while  exercising.  (Customer  Interviewed:  Robert  Marks)  
Food  Delivery  Services :  Local  delivery  of  food  in  urban  areas.  Bike  could  carry  smaller  orders  
through  a  congested  urban  area  faster  than  a  courier  by  car.  Refrigeration  or  heating  allows  food  
to  stay  fresh  in  transit.  (Customer  Interviewed:  Zachary  Peterson)  
The  above  customers  were  ranked  using  the  weighted  multipliers  in  SMARTS  and  SMARTER  
(Edwards,  W.,  and  Barron,  F.).  
Table  D1 .  Customer  Selection  Matrix  
  
  
   
135  
  
Appendix  E  Market  Research   
  
Table  E1:  Current  on  the  market  options  for  refrigeration.  
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  Portable/Mini  
Fridge  





System   
Micro  Air  
Conditioning  
System   
Manufacturer  
and  Product  
Link  
Whynter Cooluli SMAD Rigid  HVAC 
Co. 
Rigid  HVAC 







design  to  your 
frozen/ 
refrigerated 
needs.  This 
freezer  is  great 
for  RVs,  boats, 
campsites, 
fishing  trips 
and  portable  so 
you  can  take  it 
anywhere. 
Efficiency  and 
durability  in 
one  stylish, 
compact  unit. 
Adaptable 
10-liter 
capacity  and 
sturdy  carry 
handle,  you  can 
take  the 
Infinity 
anywhere” 
Mini  Fridge 
with  lock, 
compact 
refrigerator  for 
dorm,  office, 
bedroom,  no 
noise. 
Compact  liquid 
chiller 
modules, 
which  offer 
high  heat 
transfer  rates 
because  the 
R134a 
refrigerant 
liquid  has  high 
thermal 
conductivity 
and  specific 
heat. 
Compact 
solution  for 
small  & 
confined  space 
cooling,  such 
as  cabins, 
cuddy  cabins, 
and  electric 









Capacity  [L]  
32  L 10 28 N/A N/A 
Cooling  
Temperature  
[ ° C]  







Weight  [lbs]  47.0 7.9 29.7 6.6 8.0 
Cost  [$]  453.00  -  878.00 79.99 259.00 380-400 550-570 
Energy  Input  AC/DC  Power 
cords: 
AC: 
115V/60Hz  - 
1DC: 
12V/24V  - 
5.2A/2.6A 
AC/DC  Cords: 
AC:  100-240V 
/  0.6A 
 
DC:  12V  /  5A 
AC/DC  Cords 
AC  110V 
DC  12V 
Mini  DC 
compressor, 
12,  24,  48V, 





12,  24,  48V 
Power  [W]  70 60 65 550 150 





based  on 
customers: 
7-12  hours 
Consistent 
while  plugged 
in.  Unofficial 
brand 
specification 
based  on 
customers: 
after  36  hours 
of  being 
unplugged,  27F 
increase  inside 
Needs  to  be 
plugged  in  at 
all  times 
N/A N/A 
Materials  Plastic, 
stainless  steel 
Aluminum, 
plastic, 





Use  of  Freon/  
Refrigerant?  
Yes,  R-134A No, 
thermoelectric 
cooling 
No,  absorption 
cooling 
Yes,  R-134A Yes,  R-134A 
Ease  of  Use  /  
Portability  
Portable,  but 
heavy 
Portable  and 
light,  but 
cannot  be 
without  direct 
energy  input 
for  very  long 
Not  portable, 
needs  to  be 
plugged  in  but 
can  be  used  in 
many  places 
since  small 
Small,  use  for 
our 
construction 






Table  E2:  Current  on  the  market  options  for  manual  power  generation  options.  
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Quiet,  portable, 
cold  or  hot, 






Closed  system Closed  system 
components 
Cons  Uses 
refrigerant 
Cannot  control 
temperature, 
not  a  good  seal, 
short  duration 
of  use 
Not  portable, 
unsure  of  what 
kind  of 
substance  used 








4.6  (48  ratings) 4.5  (1,219 
ratings) 
4.0  (100 
ratings) 
N/A N/A 










Pedal  Power  
connected  to  
bike  wheel   




Manufacturer  K-Tor Pedal 
Power 
Generator 






Product  Link  Link Link Link Link Link Link 
Description  Stand-alo 






Motor  spun 
in  contact 
with  bike 
wheel  that 






Motor  that  can 
be  spun  by  a 
bike  wheel  to 
generate 
electricity 




spun  by 
being  in 
contact  with 
the  side  of  a 









Weight  [lbs]  4.6875 21.6 1.95 8 1.75 0.66 
Price  [$]  199.95 1496.79 154.00 233.49 34.55 15.99 
Wattage  [W]  20 500 30 300 20 6 
Voltage  [V]  Regulates 
to  120V 
0-40 0-28 0-40 0-15 0-12 
Amperage  [A]  0.167 20 1.5-2 15 1.3A Unknown 
Max  Power  
[W]  
20 500 30 300 20 6 





alloy  shell 
Unknown Metal  outer 
casing, 
anti-slip  grip 
Steel 
Pros  The 
design  is 
compact 
and  would 
not  add 
much 
weight  to 
the 
bicycle 
This  device 
is  designed 
to  be  used 
with 
bicycles  in 
mind  and 




Very  small 
and  could 
be  adapted 
to  work 
with  bicycle 
pedals 
Could  be 
connected  to 
the  rotation  of 
a  wheel  with 
the  use  of  a 
separate 
chain,  and 
generates  a 
large  amount 
of  energy 
Could  be 
adapted  to 




for  use  with 
bicycles  and 





Cons  It  is 
unclear  if 
the  pedals 
could  be 
used  to 
turn  the 
wheels  as 
well  as 
It  works  by 
being  in 
contact 
with  the 
wheel  and 
would  add 
a  large 
amount  of 
Does  not 
generate 
very  much 
electricity 
Fairly  large  to 
fit  onto  a  bike 
frame  and 
would  add 
resistance  to 
pedal 
movement 
Even  less 
energy 
generated 
than  the 
other  hand 
crank 
product 
Too  small 
scale,  does 















3.6  (14 
ratings) 
3  (4 
ratings) 
4.2  (40 
ratings) 
3.2  (8  ratings) 4.1  (62 
Ratings) 
3.7  (49 
ratings) 
  
Appendix  F  Selection  Matrix  &  Input/Output  Tables  
  
From  our  product  design  specifications,  customer  needs,  and  personal  analysis,  we  generated  
four  initial  concept  options.  We  needed  to  understand  the  specific  inputs,  outputs,  and  constraints  
of  each  option  to  finalize  our  decision  for  our  primary  solution  and  one  alternate  solution  which  
varies  the  base  design  using  different  technologies.  Table  2  contains  the  inputs,  outputs,  and  
constraints  (like  cost  and  weight)  of  power  generation  options.  The  second  table,  Table  3,  is  for  
the  inputs,  outputs,  and  constraints  of  refrigeration  options.  These  tables  helped  determine  our  
base  solution  and  interest  in  adding  another  power  generation  component.  
The  four  options  in  these  tables  were  placed  into  a  decision  matrix  (Appendix  F)  looking  at  the  
following  concerns:  would  the  connected  system  work,  weight,  cost,  size,  the  cooling  and  
heating  temperatures,  and  other  metrics  rated  on  a  5-star  system.  We  chose  the  system  that  
balanced  these  system  level  issues.  Some  trade-offs  include  weight  and  ease  of  construction.  
System  level  issues  that  were  heavily  weighted  for  our  design  were  ease  of  repair,  efficiency,  
cost,  and  safety.  These  issues  are  both  for  the  team  during  construction  and  for  the  user.  
Considering  our  user,  we  need  our  cost  to  be  as  low  as  possible  to  reach  a  larger  market.  We  also  
want  the  bike  to  be  accessible  by  users  of  varying  physical  strengths,  therefore,  the  additional  
weight  of  the  system  needs  to  be  low.   
From  this  we  concluded  that  refrigerant-based  systems  were  not  safe  or  practical  for  our  design,  
and  eliminated  them  from  consideration.  Both  electric  and  compressed  air  energy  storage  were  
feasible,  however  electricity  made  more  sense  given  the  decision  to  use  thermoelectric  cooling.  
  
Table  F1:  Power  Generation  Specifications  
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  Electricity  Generation,  
Conversion,  Storage  
Compression  




Table  F2.  Cooling  &  Heating  Specifications  
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Description  Rotates  a  secondary  chain  attached 
to  the  rear  sprocket,  spinning  a  DC 
motor  -  generating  DC  electricity 
 
Compressed  air  is  fed  into  a 
pneumatic  cylinder  connected  to  a 
crankshaft.  The  crankshaft  is 
connected  via  a  chain  to  the  back 
wheel  of  the  bike.  The  translational 
motion  of  the  pneumatic  cylinder  is 
translated  into  rotational  motion 
which  creates  additional  power. 
Cost  full  
subsystem  [$]  
500 250 
Weight  (lb)  15 12-25 
Subsystem  Size  
(ft^3)  
2.0 2.0 
Outputs   DC  electricity,  ~24V,  ~5A Kinetic  energy  in  the  form  of 
rotational  motion 
  Thermoelectric/Peltier  Vapor-Compression/Refrigerant  
Input  DC  Electricity,  ~12V,  ~3A 
 
DC  Electricity,  ~12V,  Max  10A  but 
rated  1-8A,  intakes  heat  from  goods 
compartment,  refrigerant  (water  or 
propylene  glycol) 
Description  Takes  input  current  and 
creates  temperature 
difference.  Direction 
reversible. 
Intakes  current  to  power 
conventional  refrigeration  system 
which  includes  compressor, 
condenser,  and  evaporator 
Cost  full  subsystem  [$]  80 729 
Weight  (lb)  3 11 
Subsystem  Size  ft^3  0.5 0.35 
  
  
Either  power  system  could  be  adapted  to  work  with  either  cooling  system,  for  a  total  of  four  
combinations.  These  options  each  have  various  merits  and  issues,  and  they  are  evaluated  on  how  
they  meet  design  criteria  on  a  weighted  0-5  scale.   
  
Table  F3:  Design  Selection  Matrix  
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Outputs   Hot  inside,  cold  outside 
Cold  inside,  hot  outside 
~150W  w/  450W  capacity  (1535Btu) 
Outputs  cold  air  to  goods 
compartment 
  
Appendix  G  Budget  
  
We  created  a  very  detailed  budget,  found  on  the  following  pages,  to  determine  our  funding  
needs.  From  previous  communication,  our  team  has  been  awarded  an  Undergraduate  Programs  
Senior  Design  grant  from  the  School  of  Engineering  for   $3,000  initially  ($500  per  team  
member).  Our  budget  is  formatted  in  an  easy-to-read  table,  including  predicted  shipping  cost  and  
tax  (usually  California  state  tax  but  we  also  have  team  members  in  Hawaii)  for  each  item.  Our  
timeline  is  formatted  in  a  gantt  chart  below.  Our  testing  and  first  prototype  bill  of  materials  is  
provided  below.  
Table  G1.  Insulation  Testing  
  
  
Table  G2.  Peltier  and  Heat  Sink  Testing   
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Item  Quantity  Item  Cost  [$] 
Polyurethane  foam  2  6.33  
Insul-Bright   1  10.97  
PPE:  face  shield   1  9.95  
Woven  polypropylene  1  18.29  
Wood  Glue  1  3.99  
Fabric  Glue  3  1.59  
Multi-purpose  foam  3  18.99  
  Total  70.11  
Item  Quantity  Item  Cost  




Table  G3.  Electrical  Power  Generation  -  Hub  Motor  Testing  
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Peltier  Module:  CP  14-35-045-L1-W4.5  1  33.18  
Peltier  Module:  CP  14-71-06-L1-W4.5  1  23.19  
Silicone  Thermal  Pad,  Thermal  Conductivity  
6.0W/mK  1  11.98  
DC  power  supply  1  54.99  
“Pin”  style  heat  sink  1  3.43  
Large  fin  heat  sink  1  4.40  
Angled  fin  heat  sink  1  10.83  
Digikey  Shipping  1  7.99  
Peltier  Module:  CP  10-127-06-L1-W4.5  1  5.59  
Peltier  Module:  CP  14-127-06-L1-W4.5  1  6.44  
Heat  Sink  90x80x27n26  1  11.75  
Heat  Sink  90x80x36n23  1  10.37  
Heat  Sink  90x90x15n34  1  8.99  
Silicone  Rubber  Bands  1  9.99  
Thermal  Paste  1  15.99  
  Total  245.66  
Item  Quantity  Item  Cost  [$] 
Hub  Motor  /  Wheel  Assembly  (36V,  500W,  26”)  1  162.60  
  Total  162.60  
  
Table  G4.  Electrical  Power  Generation  -  DC  Motor  Testing  
  
  
Table  G5.  Charge  Conditioner  Testing  
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Item  Quantity  Item  Cost  [$] 
250W,  24V,  9-tooth  sprocket  DC  motor  ebike  kit  1  69.50  
Multimeter  1  12.99  
Aluminum  Chain  Tensioner  1  19.90  
Bike  chain  and  remover  tool  set  1  14.99  
Needle  nose  pliers  1  3.42  
Snap  nose  pliers  1  3.99  
Tensioner  1  8.45  
Free  wheel  locking  1  9.95  
Wheel  set  1  100  
Adjustable  wrench  1  13.97  
Cassette  spacers  1  20.85  
  Total  264.36  
Item  Quantity  Item  Cost  [$] 
Voltage  Regulator  1  15.98  
Multimeter  1  12.99  
DC  Power  Supply  1  55.00  








ALLPOWERS  20A  Solar  Charge  Controller  1  17.49  
Huinetul  20A  Waterproof  Solar  Charge  Controller  1  29.99  
5V  DC  Brushless  Cooling  Fan  1  8.59  
  Total  153.03  
Item  Quantity  Item  Cost  [$] 
Arduino  UNO  Starter  Kit  1  31.99  
microSD  card  1  8.06  
SD  Card  Module  1  4.99  
RTC  1  8.99  
DHT22  Sensor  1  15.88  
5V  1  Channel  Relay  Module  1  5.98  
Small  electrical  components  1  6.39  
Breadboards  1  10.99  
12V  2  Channel  Relay  Module  1  7.19  
Arduino  Uno  2  21.60  
Peltier  1  23.51  
Heat  Sink  1  11.15  
  Tota l  156.72  
  
Table  G7.  Peltier  Fridge  Testing  
  
  
Table  G8.  Final  Prototype  Materials  and  Associated  Cost  
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Item  Quantity  Item  Cost  [$] 
Cooluli  Peltier  Fridge  1  49.99  
Electricity  Usage  Monitor  1  19.99  
  Total  69.98  
Subsystem  Item  Cost  
Refrigeration  Peltier  23.51  
Heat  Pipe  N/A  
Heat  Sink  11.15  
Large  DC  Fan  &  Cover  9.80  
Small  DC  Fan  7.07  
Silicone  Rubber  Bands  1.85  
Compartment  Polyurethane  Foam  27.28  
Birchwood  15.00  
Metal  Clasps  5.59  
Insul  Bright   11.29  
Fabric  Glue  2.00  
Control  System  Arduino  Uno  23.08  
ESP8266  4.66  
5V  Single  Channel  Relay  2.12  











SD  Card  Module   4.99  
Micro  SD  Card  7.98  
RTC  8.99  
Breadboards  5.00  
Electrical  Regulation  Buck  Converter  Voltage  Regulator  (x2)  32.00  
Charge  Controller  29.99  
12V  Lithium  Ion  Battery  71.00  
Electrical  Generation  DC  Motor  and  Motor  Bracket  71.77  
Motor  Chain  16.38  
Tensioner  8.45  
System  Integration  Wood  Glue  11.99  
Birchwood  24.00  
  Plywood  4'x8'  58.02   
  E6000  adhesive   8.58  
  Corner  Braces  1.5"  11.92  
  Wood  screws    4.20  
  0.5"  2-hole  conduit  straps    10.11  
  




Appendix  I  Safety  Review  
Description  of  Potential  Hazards   






Power  tools  and  equipment   
Summary  of  Procedure  or  Tasks:   
Our  project  will  involve  the  use  of  machine  shop  equipment  for  manufacture  of  the  rack  
components  and  a  mounting  device,  and  basic  hand  tools  for  assembly.  The  hand  tools  include  a 
power  drill,  hand  saw,  wrench,   screwdriver,  hammer,  and  clamps. 
The  machine  shop  tools  we  will  use  include  a  lathe,  band  saw,  CNC  mill,  and  drill  press.  These  
will  be  through  the  Mechanical  Engineering  Machine  Shop.  
Hazards:  
There  is  a  risk  of  personal  injury  from  equipment  misuse  and  risk  of  fire  or  explosion  from  
defective  equipment.  
Hazard  Control  Measures:  
For  control  measures,  users  will  be  trained  with  MECH  101L  or  equivalent.  They  will  be  
required  to  follow  all  instructions  and  work  only  under  supervision  from  the  shop  manager  and  
TA’s.  PPE  such  as  safety  goggles,  mask,  hair  ties,  long  pants,  and  closed  toed  shoes  is  required.  
In  case  of  an  incident,  follow  lab  safety  procedures  to  shut  off  equipment  and  assess  the  severity 
of  the  incident.  Use  eyewash,  fire  extinguisher,  and  first  aid  kit  if  necessary,  and  call  the  
Campus  Safety  Emergency  Phone  at  (408)  554-4444.  
  





Summary  of  Procedure  or  Tasks:   
Rechargeable  Lithium  Ion  batteries  will  be  charged  by  the  generator  to  power  the  cooling  
system.  Batteries  are  likely  to  be  no  more  than  5A,  12V.  We  will  mount  batteries  to  the  bike  as  a 
permanent  fixture.   
Hazards:  
Battery  breakage  or  leaks  expose  toxins;  this  can  occur  if  the  bike  crashes,  causing  impact  or  
puncture.  
Battery  explosion  may  happen  in  the  rare  case  of  a  manufacturing  defect  or  due  to  short  
circuiting.  
Hazard  Control  Measures:  
Batteries  will  be  mounted  inside  a  protective  container  which  should  provide  crash  protection  
and  damping  from  bumps.  
Batteries  will  be  tested  in  a  controlled  setting  before  connecting  them  to  the  bike  to  identify  
defects.  
Buck-boost  converters  and  power  regulators  will  prevent  short-circuits.  System  should  have  an  
emergency  shutoff  switch.  
  In  the  event  of  battery  breakage  or  leak,  gloves  should  be  worn  and  all  battery  parts  will  be  put  
in  a  leak-proof  container  and  sent  to  battery  recycling.  Care  should  be  taken  to  remove  any  
environmental  hazard  left  by  a  spilled  battery.  
In  case  of  contact  with  battery  leakage,  wash  the  affected  area  of  skin  immediately.  
  





Machine  guarding/power  transmission  –  gears,  rotors,  wheels,  shafts,  belt/chain  drives,  
rotating  parts,  pinch  points   
Summary  of  Procedure  or  Tasks:  
A  DC  motor,  located  in  between  the  main  and  rear  sprockets,  powered  by  a  secondary  chain  
attached  to  the  bike’s  rear  sprocket,  could  be  used  as  an  electrical  power  generation  system.  
Hazards:  
The  secondary,  open  chain  system  between  the  DC  motor  and  the  rear  sprocket,  as  well  as  the  
main,  open  chain  system  between  the  main  and  rear  sprockets,  can  be  potential  pinch  points  
while  installing  or  repairing  the  system,  while  riding  or  crashing  the  bike,  or  while  
mounting/dismounting  the  bike.  
Hazard  Control  Measures:  
Potentially  utilize  a  hub  motor  or  pre-installed  motor/wheel  assembly  -  eliminating  the  need  for  
this  approach  to  achieve  electrical  power  generation.  
Install  a  chain  guard  to  protect  the  user  from  making  contact  with  the  open  gear/sprocket  
assembly  
Use  PPE  and  thick  gloves  when  installing,  repairing,  or  adjusting  the  DC  motor  and/or  
secondary  chain.   
In  the  event  of  an  injury,  apply  first  aid  and  call  the  Campus  Safety  Emergency  Phone  at  (408)  
554-4444  if  necessary  for  more  severe  injuries  that  can  not  be  treated  with  the  first  aid  supplies  
available.  
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Stored  Energy  (springs,  gravity,  pneumatic,  hydraulic,  pressure)   
Summary  of  Procedure  or  Tasks:   
A  pneumatic  cylinder  may  be  used  for  an  air  compression,  power  generation  system.  A  
pressurized  air  storage  tank  will  also  be  required  as  part  of  this  system  to  store  compressed  air  to 
be  used  to  power  the  pneumatic  cylinder.  
Hazards:  
One  risk  is  the  cylinder  rupturing  -  leading  to  flying  particles  and  debris  which  can  result  in  eye  
injuries,  cuts/scrapes  or  other  significant  injuries.  High  pressure  air  is  another  hazard  which  can  
result  in  air  injection  into  the  body  leading  to  potential  injuries.  Compressed  air  system  can  also  
sometimes  be  loud  resulting  in  temporary  or  permanent  hearing  loss.  
Hazard  Control  Measures:  
Wear  appropriate  personal  protective  equipment  when  using  pneumatic  equipment,  such  as  
hearing  protection  and  safety  glasses.  Ensure  all  connections  and  couplings  are  secure.  Use  the  
lowest  pressure  necessary.  Never  point  the  nozzle  of  an  air  hose  at  anyone.  To  ensure  the  system  
does  not  start  up  unexpectedly,  make  sure  there  is  a  built-in  safety  valve  or  other  form  of  on/off  
switch.   In  the  event  of  an  injury,  if  possible  first  turn  the  pneumatic  valve  to  the  off  position.  
Subsequently  apply  first  aid  and  call  the  Campus  Safety  Emergency  Phone  at  (408)  554-4444  if  
necessary  for  more  severe  injuries  that  can  not  be  treated  with  the  first  aid  supplies  available.  
Sharp  Objects   
Summary  of  Procedure  or  Tasks:   
There  are  sharp  objects  involved  in  the  manufacturing  process  with  the  use  of  mills,  saws,  and  
lathes.  For  machine  shop  hazards  refer  to  “Power  Tools  &  Equipment”  We  will  also  be  using  





Seriously  cutting  yourself  is  the  primary  hazard  when  using  or  handling  sharp  objects.   
Hazard  Control  Measures:  
Wear  closed-toed  shoes,  long  pants,  and  safety  glasses.  Use  gloves  when  handling  parts  if  
necessary.  Take  care  not  point  sharp  objects  at  anyone  or  yourself  and  handle  with  care.  Do  not  
run  with  such  objects.  For  heat  sinks  and  fans,  there  should  be  a  cover  or  grate  when  added  to  
the  main  subsystem  in  order  to  mitigate  risk.   
  
In  the  case  you  do  cut  yourself,  depending  on  the  severity  you  may  need  to  call  911.  If  it  is  not  a  
deep  cut,  wash  it  immediately/apply  an  alcohol  swab  to  clean,  then  bandage  it.  In  the  SCU  
mechanical  engineering  machine  shop,  there  are  first  aid  kits  located  on  several  walls.  If  
handling  sharp  objects  outside  the  machine  shop,  a  first  aid  kit  on  hand  will  be  on  hand.  
Extreme  temps  (high  temp  fluids:  water  >  160  °F,  steam,  hot  surfaces  >  140  °F,  cryogenic  
fluids  
Summary  of  Procedure  or  Tasks:   
A  compression  refrigeration  system  produces  high  temperatures  during  the  compression  and  
condensation  process.  The  hot  face  on  thermoelectric  modules  can  potentially  reach  dangerous  
levels.  Although  we  plan  our  refrigeration  process  to  have  a  maximum  temperature  of  120  
degrees  Fahrenheit,  it  is  possible  during  testing  that  the  system  will  exceed  this  temperature.  
We  would  like  to  use  foam  to  line  the  inside  of  our  goods  compartment.  To  accurately  cut  this  
material,  we  will  be  using  a  heated  wire  foam  cutter.  
Hazards:  




Hazard  Control  Measures:  
While  the  refrigeration  system  is  working,  we  will  not  touch  the  surface  of  the  compressor,  
condenser  or  the  hot  reservoir.  After  the  refrigeration  system  is  turned  off,  we  will  wait  at  least  
20  minutes  for  the  refrigeration  system  to  cool  down  before  touching  any  of  the  components.  
Additionally,  to  prevent  burns,  we  will  wear  heat  resistant  gloves  when  using  the  heated  wire.   
Hot  surfaces  on  Peltier  modules,  compressor,  and  condenser  of  refrigerator  will  be  covered  by  
heat  sinks,  fans,  and  vent  panels  such  that  it  is  extremely  difficult  to  touch  the  hot  surface.  
If  someone  is  burned,  they  will  run  cold  water  on  their  burn.  Someone  else  will  retrieve  an  ice  
pack  for  the  person  who  was  burned  to  apply  to  the  area  affected.  For  severe  second  and  
third-degree  burns,  call  emergency  operators.  If  on  SCU  campus  call  the  Campus  Safety  
Emergency  Phone  at  (408)  554-4444.  
Bonding  /  Grounding  
Summary  of  Procedure  or  Tasks:   
  Bonding  is  mechanically  connecting  two  or  more  conductive  materials.  Grounding  is  a  way  to  
safely  discharge  excess  electricity.   
Bonding  will  be  used  on  wires  to  connect  motors,  batteries,  and  the  refrigerator  together.  A  
ground  may  be  added,  although  it  is  likely  the  system  will  not  require  it,  as  peltier  coolers  need  
both  the  positive  and  negative  charge  coming  from  the  motor  to  function.  
Hazards:  
Electricity  may  not  flow  properly  due  to  incorrect  bonding  of  materials.  Could  result  in  
components  not  receiving  electricity,  components  becoming  overcharged  and  breaking,  or  
components  could  emit  electrical  discharge.  
If  grounding  is  necessary,  incorrect  grounding  could  result  in  shock.  
  
   
  
157  
Hazard  Control  Measures:  
Bonding  will  be  completed  by  someone  trained  in  the  use  of  the  tools  necessary.  
The  DC  motor  does  not  generate  a  large  amount  of  electricity  so  there  is  little  risk  of  injury.  
All  electrical  components  will  be  off  and  uncharged  when  bonding.  
Bonding  sites  will  be  covered  and  insulated  to  reinforce  the  bonding  and  prevent  electrical  
discharge.  
In  the  extremely  unlikely  event  of  severe  electric  shock,  first  turn  off  the  source  of  electricity  if  
possible,  otherwise  move  away  from  the  source.  Then  begin  first  aid  as  necessary  or  call  
emergency  operators.   If  the  person  has  stopped  breathing,  we  will  use  mouth-to-mouth  
resuscitation.  If  the  person’s  heart  has  stopped,  we  will  perform  CPR  or  use  a  defibrillator.  If  on  
SCU  campus  call  the  Campus  Safety  Emergency  Phone  at  (408)  554-4444.  
Construction/Assembly,  etc.    
Summary  of  Procedure  or  Tasks:   
Construction:   
Construction  and  assembly  will  be  present  in  the  following  cases  of  our  project.  A  front  or  back  
rack  will  be  mounted  on  the  bicycle  to  hold  the  refrigerator.  The  assembly  of  a  refrigerator  using 
peltier  coolers  and  some  housing  material  to  create  a  compact  refrigeration  system.  There  will  be 
an  electrical  generation  system  mounted  on  the  bicycle  or  rack  using  a  DC  motor  and  the  
rotation  of  the  back  wheel,  connected  to  a  diode,  battery,  and  an  undecided  voltage  regulator  
using  wiring.  In  this  process,  we  will  be  using  power  and  machine  tools  (see  “Power  Tools  &  
Equipment”).   
Hazards:  




Hazard  Control  Measures:  
Members  performing  construction  will  be  trained  in  the  use  of  tools  necessary  for  the  project.   
Wear  correct  PPE  including  close-toed  shoes,  pants,  gloves  and  goggles  if  required.  
Follow  all  instructions  for  using  equipment  given  by  the  shop  manager.  
In  case  of  incident,  immediately  shut  off  all  equipment.  If  the  injury  is  not  severe,  apply  first  aid  
as  necessary.  If  the  injury  is  beyond  our  capabilities  of  handling,  call  emergency  services,  or  if  
on  SCU  campus  call  the  Campus  Safety  Emergency  Phone  at  (408)  554-4444.  
Vehicle  Traffic   
Summary  of  Procedure  or  Tasks:  
  Vehicle  traffic  will  be  a  hazard  for  the  user  while  we  are  testing.  The  bike  will  need  to  be  used  
on  populated  roads  for  testing,  causing  the  hazard  of  vehicle  traffic.  The  bike  will  also  be  used  in 
more  rural  areas  for  our  applications.   
Hazards:  
The  hazards  include  the  user  and  bike  being  involved  in  a  car  crash.  This  could  cause  severe  
injury  to  the  user.  This  could  also  cause  the  bike  to  be  damaged  and  fractured  with  sharp  edges  
and  a  fractured  air  tank  if  we  use  a  pneumatic  cylinder  for  power  generation.   The  propylene  
glycol  closed  system  could  be  compromised,  resulting  in  a  spill.  
The  user  may  also  crash  into  stationary  objects  or  fall  off  of  the  bike.  At  these  speeds  the  bike  
and  refrigeration  system  is  unlikely  to  be  damaged,  and  the  user  would  sustain  less  severe  injury.  
Hazard  Control  Measures:  
To  prevent  this  hazard  and  minimize  risk,  ideally,  the  user  will  not  ride  in  a  populated  area  
meaning  one  without  cars.  For  example,  the  user  could  ride  on  a  bike  path.  If  the  user  must  ride  
on  the  street,  the  user  will  need  to  know  traffic  laws,  understand  how  to  ride  a  bike,  and  wear  the  




In  the  case  the  user  and  bike  are  involved  in  a  crash,  we  will  provide  a  way  to  fix  the  bike  to  
prevent  further  injury  or  a  different  bike  will  be  used  for  further  prototyping  and  in  the  final  
product.  Injuries  to  the  user  will  be  their  responsibility.  If  they  need  additional  or  serious  
assistance,  contact  emergency  services  as  soon  as  possible  and  follow  the  same  procedure  as  for  
a  car  crash.  
Airborne  Dusts  
Summary  of  Procedure  or  Tasks:   
When  we  are  working  with  foam  for  our  goods  compartment,  we  will  need  to  cut  it  into  pieces  
with  a  box  cutter  or  a  hot  wire.   
Hazards:  
Cutting  with  a  hot  wire  has  its  own  set  of  hazards  with  potential  skin  burns.  See  “Extreme  temps  
(high  temp  fluids:  water  >  160  °F,  steam,  hot  surfaces  >  140  °F,  cryogenic  fluids)”  for  more  
information  on  those  hazards.  Airborne  particles  can  make  one’s  throat  feel  scratchy  and  one’s  
chest  tight  if  inhaled.  The  particles  from  the  foam  can  also  be  a  mechanical  irritant  to  the  eyes  
and  skin.   
Hazard  Control  Measures:  
To  prevent  this  hazard,  we  will  wear  masks  (fabric  or  N95)  when  cutting  the  foam.  We  will  also  
ensure  the  area  we  are  cutting  in  has  proper  ventilation.  If  there  is  strong  wind  in  the  area,  we  
will  cut  the  foam  in  the  same  direction  as  the  wind  so  the  particle  will  blow  away  from  us.  In  the  
case  airborne  particles  are  inhaled,  we  will  move  to  an  area  free  of  exposure  and  obtain  medical  
attention  by  calling  emergency  services  at  911  or  Campus  Safety  Emergency  Phone  at  (408)  
554-4444.  In  the  case  there  is  eye  contact,  we  will  flush  our  eyes  for  at  least  15  minutes  and  
obtain  medical  attention  through  the  previous  contacts.  If  there  is  skin  irritation,  we  will  wash  
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These  measures  are  suggestions  from  “Tiger  Foam  Insulation”  when  working  with  polyurethane  
foam.   
  
Appendix  J  Refrigerator  Prototype,  Module,  Heat  Sink,  &  Fan  
Testing  Procedure  
This  procedure  was  used  for  each  new  Thermoelectric  module,  heat  sink,  fan,  or  box  prototype  
configuration.  Only  one  component  or  independent  variable  is  changed  between  each  test,  and  
the  results  are  compared  against  similar  tests.  For  example,  all  heat  sinks  were  tested  with  
identical  Thermoelectric  modules,  fans,  and  box  prototypes,  so  that  the  best  performing  one  
could  be  selected.  
  
Setup :  
1. The  prototype  is  assembled  with  the  heat  pipe  running  through  the  box,  a  small  heat  sink  
and  fan  on  the  inside,  and  the  Thermoelectric  module,  large  heat  sink,  fan  on  the  outside,  
and  either  silicone  thermal  pads  or  thermal  contact  paste  between  all  of  the  thermal  
connections.  
2. Set  one  DHT22  temperature  sensor  inside  near  but  not  touching  the  heat  pipe,  and  
another  outside  of  the  box.  Set  the  DAQ  to  record  the  temperature  from  both  sensors  at  
least  once  per  minute.  
3. Both  fans  are  connected  to  a  5  volt  power  supply.  
4. The  Thermoelectric  module  is  connected  to  the  variable  DC  power  supply  via  the  red  and  
black  banana  plugs.   
5. On  DC  power  supply,  turn  top  "Voltage"  knob  clockwise  as  far  as  it  goes.  Turn  bottom  
"Current"  knob  counter-clockwise  as  far  as  possible.  Connect  red  and  black  banana  plugs  
to  ports.  
6. With  the  box  open,  record  the  initial  temperature  of  the  two  sensors  for  calibration.  
Because  the  sensors  have  an  accuracy  of  ±0.5°C,  there  should  be  less  than  0.5°C  
discrepancy  between  them.   
7. Close  box  securely.  
  
Running :  
1. Starting  at  0.5  amps:  
a. Record  voltage.  
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b. Let  sit  for  at  least  30  minutes  to  reach  steady-state.  
c. Record  temperature  of  the  inside  and  the  ambient  temperature.  
d. Increase  the  current  by  0.5  amps.  
e. Repeat  until  the  temperature  difference  has  dropped  from  the  previous  
measurement,  indicating  performance  drop  beyond  max  performance.  
2. Plot  curve,  identify  range  for  optimum  and  maximum  current  &  voltage.  
3. Perform  tests  at  additional  finer  current  increments  as  necessary  to  gain  understanding  of  
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Appendix  K  Refrigerator  Low-Power  Operation  Mode  Test  
Procedure  
The  low-power  test  is  designed  to  find  an  energy-saving  operation  point  for  the  thermoelectric  
module  that  keeps  the  fridge  from  rapidly  gaining  heat  when  the  module  is  shut  off.  To  prevent  
thermal  cycling,  the  module  will  instead  toggle  between  a  high  power  mode  and  a  low  power  
mode.   
  
This  test  was  performed  using  the  Laird  CP  10-127-06  module  and  the  second  prototype.  Three  
trial  reduced  currents  were  tested:  1.00  amp,  0.50  amps,  and  0.00  amps.  The  dual  DHT22  
temperature  DAQ  was  used  for  recording  temperature  data.  The  steady-state  temperature  is  when  
it  changes  by  less  than  1°C  in  10  minutes.  Setup  was  otherwise  identical  to  the  Refrigerator  
Prototype,  Module,  Heat  Sink  &  Fan  test  procedure.  
  
Procedure  
1. Cool  fridge  to  about  ΔT  =  14  °C,  with  1.5  amps  and  ~  8  volts  input  at  steady  state.  
2. Reduce  current  to  trial  low  power  mode.  











Appendix  L  Common  Consumer  Compartments  Insulation  
Testing  
Compare  the  efficacy  of  existing  cooling  products  on  the  market,  as  well  as  compare  to  the  
expected  material  performance  for  that  material  when  such  data  can  be  found.  
  
Materials:  
● Water  
● Ice  
● Compartment  that  can  fully  close  
● Thermometer  
● Container  that  can  hold  at  least  1  cup  of  water  
● Timer  
  
Procedure:  
1. Put  some  ice  into  a  container  of  water,  and  wait  a  few  minutes  for  the  water  to  reach  
freezing  temperature.  Use  a  thermometer  to  check  that  the  water  reaches  no  more  than  a  
few  degrees  above  32 ° F  =  0 ° C.  Record  the  initial  water  temperature.  Place  cup  in  fridge  
if  needed  for  cup  to  reach  34-36 ° F.   
2. Pre-cool  by  putting  some  freezing  water  with  no  ice  in  the  container  and  let  sit  for  20  
minutes.   
3. Remove  the  pre-cool  cup,  and  replace  it  with  1  cup  of  near  freezing  water  with  NO  ice  
into  a  cup.  
4. Place  cup  into  the  cooler  and  close  the  lid/door/zipper/hatch/cover.  
5. Measure  the  ambient  air  temperature  and  record.  
6. If  possible  leave  an  additional  cup  of  nearly  freezing  water  on  the  counter  for  a  control.  
7. Wait  for  1  hour.  
8. Measure  the  ambient  air  temperature  again.  
9. Measure  the  temperature  of  the  water  in  the  cooler.  
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10. Measure  the  control  cup  temperature  if  used.  
11. Repeat  in  steps  6-9  for  a  total  of  2  hours  of  testing.   
  
Table  L1.  Dimensions  and  descriptions  of  compartments.  
  
  
Table  L2.  Temperatures  at  0,  60,  and  120  minutes  for  ambient  air,  water  inside  of  compartment,  
and  water  outside  of  compartment.  
  
  




Figure  L1.  Temperature  of  water  in  compartment  vs  water  outside  of  compartment. 
  
Analysis:  
● Thicker  material  improves  performance.  
● Smaller  containers  perform  better  ->  less  residual  heat  in  container  ->  use  smallest  size  
that  can  hold  what  customer  wants.  
● Heat  pipe  decreased  performance  because  heat  can  enter  through  it,  but  not  very  much.  
   
166  
  
Appendix  M  Hand  Calculations  
M.1  Thickness  of  Polyurethane  Foam  Walls  versus  Temperature  Maintenance  in  
Compartment  
Tables  M1-7  represent  data  from  polyurethane  walls  0.5  centimeters  thick.  Table  M1  shows  the  
dimensions  for  each  layer  of  material  to  be  used  in  the  compartment.  Non-woven  PP  is  the  bag  
material.  Shape  factors  in  Table  M2  were  calculated  using  equations  from  Cengel  and  Ghajar  for  
a  rectangular  prism  [9].  Wall  1,  Wall  2,  Wall  3  are  labelled  in  Figure  M1  and  Edge  1,  Edge  2,  and  
Edge  3  are  labelled  in  Figure  M2.  All  corners  of  the  compartment  are  the  same  so  there  is  no  
need  to  differentiate  between  them.  The  shape  factors  were  used  to  calculate  thermal  resistances  
for  walls,  edges,  and  corners  in  Table  M3  and  Table  M4.  These  thermal  resistances  were  then  
summed  in  parallel  since  heat  is  lost  through  these  at  the  same  time.  Natural  convection  takes  
place  inside  and  outside  of  the  compartment.  Therefore,  the  surface  area  of  each  wall  inside  and  
outside  of  the  compartment  was  calculated  in  Table  M5.  Because  of  the  natural  convection  of  air,  
the  heat  transfer  coefficient  was  estimated  to  be  5  W/m 2 K.  Table  M6  shows  thermal  resistances  
for  each  wall  by  convection  and  the  total  thermal  resistance  inside  and  outside  of  the  
compartment.  Finally,  the  thermal  resistance  of  the  inside  of  the  compartment  by  convection,  
thermal  resistances  by  conduction  for  each  material,  and  thermal  resistance  of  the  outside  of  the  
compartment  by  convection  were  summed  in  series  since  heat  is  lost  by  going  through  each  of  
these  layers  sequentially.  See  Figures  M3-M7  for  sample  calculations  of  the  polyurethane  foam  
layer.  
These  calculations  were  performed  for  thicknesses  of  polyurethane  foam  from  0.5  centimeter  
thick  to  5.0  centimeter  thick  in  increments  of  0.5  centimeters.  In  Table  M7,  the  total  thermal  
resistance  was  used  to  calculate  the  heat  loss  rate  if  the  inside  temperature  of  the  compartment  
were  5 ° C  and  the  outside  temperature  was  27 ° C.  The  total  heat  loss  over  4  hours  was  also  
calculated  since  we  want  our  device  to  keep  its  contents  cool  for  at  least  4  hours  after  the  user  






Table  M1.  Dimensions  of  each  layer  of  compartment  with  0.5cm  thick  polyurethane  foam  walls.  
  
  
Figure  M1 .  Walls  1,  2,  and  3.  
  
  





[W/mK]  Length  [m]  Width  [m]  Height  [m]  Thickness  [m] 
Birch  Wood  0.159 0.323 0.158 0.173 0.0064
Polyurethane  
Foam  0.050 0.310 0.145 0.160 0.0050
Insul-Bright  0.146 0.300 0.135 0.150 0.0025
Insul-Bright  
(Inner)  0.146 0.295 0.130 0.145 0.0025
  
  




Table  M3.  Thermal  Resistance  for  walls  of  compartment  for  each  layer  of  material  
  
  
Table  M4.  Thermal  Resistance  for  edges  and  corners  of  compartment.  Total  thermal  resistance  


















Edge  1  [m] 
Shape  
Factor-  








Corner  [m] 
Birch  Wood  8.78 4.29 8.01 0.17 0.0852 0.0933 0.0010
Polyurethane  
Foam  9.92 4.64 8.99 0.17 0.0783 0.0864 0.0008
Insul-Bright  18.00 8.10 16.20 0.16 0.0729 0.0810 0.0004
Material  
Thermal  Resistance-  
Wall  1  [K/W]  
Thermal  Resistance-  
Wall  2  [K/W]  
Thermal  Resistance-  
Wall  3  [K/W]  
Birch  Wood  0.717 1.466 0.785
Polyurethane  
Foam  2.036 4.354 2.247








Edge  2  [K/W]
Thermal  
Resistance-  




Corner  [K/W]  
Sum  of  
Resistances  per  
Material  [K/W]  
Birch  Wood  36 74 67 6,603 0.144
Polyurethane  
Foam  121 258 234 26,936 0.417
Insul-Bright  42 94 85 18,265 0.080
  
Table  M5.  Surface  area  of  inside  and  outside  of  compartment.  
  
  
Table  M6.  Thermal  resistance  by  convection.  
  
  
Table  M7.  Thermal  resistance,  rate  of  heat  loss,  and  total  heat  loss  over  4  hours  for  polyurethane  




Heat  Transfer  
Coefficient  
[W/m^2K]  
Area-  Wall  1  
[m^2]  
Area-  Wall  2  
[m^2]  Area-  Wall  3  [m^2]  
Inside  5 0.0428 0.0189 0.0384
Outside  5 0.0557 0.0272 0.0509
  
Thermal  
Resistance-  Wall  1  
[K/W]  
Thermal  
Resistance-  Wall  2  
[K/W]  
Thermal  
Resistance-  Wall  3 
[K/W]  
Total  Thermal  
Resistance  by  
Convection  [K/W]  
Inside  4.68 10.61 5.22 1.00
Outside  3.59 7.34 3.93 0.75
Thickness  
[cm]  
Thermal  Resistance  
[K/W]  
Heat  Transfer  Rate  
[W]  
Heat  Transfer  Over  4  Hours  
[kJ]  
0.5 2.39 9.21 133
1.0 2.63 8.38 121
1.5 2.80 7.86 113
2.0 2.93 7.51 108
2.5 3.02 7.28 105
3.0 3.09 7.13 103
3.5 3.13 7.02 101
4.0 3.16 6.96 100
4.5 3.18 6.92 100
5.0 3.19 6.91 99
  
  
Figure  M3.  Hand  calculations  for  determining  shape  factors  and  dimensions  for  the  goods  
compartment  [M1].  
  
Figure  M4.  Hand  calculations  for  determining  the  total  thermal  resistance  just  from  the  material  





Figure  M5 .  Hand  calculations  for  determining  thermal  resistance  inside  by  convection  [M1].  
  





Figure  M7.  Sample  calculations  for  finding  total  thermal  resistance  and  heat  loss  over  4  hours   
for  polyurethane  foam  0.5cm  thick  [M1].  
  
  
M.2  Pedal  Power  Calculations  








M.3  DC  Motor  Angular  Speed  Calculations  for  Electrical  Power  Generation  
  
Figure  M8.  DC  Motor  Angular  Speed  [rpm]  calculations  based  on  previously  performed  
velocity  testing.  
  
M.4  Thermoelectric  Module  Calculations  
A  set  of  Laird  Thermal  Systems  CP  Thermoelectric  modules  were  examined  for  use  in  testing.  
Research  shows  that  one  parameter,  number  of  legs,  can  be  used  to  identify  a  tradeoff  between  
precision  of  the  voltage  and  current  input,  and  the  total  power  input  required  to  operate  them  
[M3].  The  most  efficient  modules  had  fewer  legs,  but  required  a  very  high  current  and  low  
voltage  with  minimal  variation.  However,  our  power  generation  is  likely  to  produce  a  low  
current  and  a  high  voltage,  have  frequent  fluctuations  in  current,  and  the  converters  necessary  to  
regulate  the  voltage  would  add  inefficiencies.  
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Another  factor,  the  B-factor,  can  be  used  to  predict  the  thermal  load,  temperature  difference,  and  
power  consumption  [M3].  For  the  experimentation  phase  of  our  project,  we  concluded  it  would  
be  beneficial  to  purchase  Pelter  modules  with  different  B-factors  and  generally  fewer  legs  to  
compare  the  performance  with  different  inputs.  These  calculations  were  used  to  find  the  
B-factors  and  compare  different  modules.  
Definitions:  
N  =  number  of  legs  
L  =  length  
W  =  width  
  =  cross  sectional  area  of  one  thermoelectric  leg  Ac
  =  cross  sectional  area  of  module  Amod
G  =  geometry  factor  (or  G-factor)  
B  =  B-factor  
  
The  G-factor,  length,  width,  and  number  of  legs  were  obtained  from  Laird  Thermoelectric  
Systems  [M1],[M2].  The  area  of  the  module  was  computed  by.  
  L  Amod =   *W (M1)  
The  G-factor  is  known,  and  the  equation  is:  
 G =   L
Ac (M2)  
The  B-factor  is  found  by:  








Table  M9.  The  number  of  legs,  G-factor,  length,  width,  module  cross-section  area,  and  B-factor  
for  several  Laird  Thermoelectric  Systems  modules.  Modules  highlighted  were  selected  for  one  or  
two  rounds  of  testing.  Data  from  [M2]  and  [M3]. 
  
*  Tested  in  the  work  by  K.  Pietrzyk  et  al.  [M3]  
1   Tested  in  first  prototype  round  for  B-Factor  
²  Tested  in  second  prototype  round  for  number  of  legs  
     




[M1]  Çengel  Yunus  A.,  and  Afshin  J.  Ghajar.  Heat  and  Mass  Transfer:  Fundamentals  &  
Applications.  6th  ed.,  McGraw-Hill  Education ,  2020.  
[M2]  2020,  Thermoelectric  Handbook ,  Laird  Thermal  Systems,  
LTS-THERMOELECTRIC-HADNBOOK  1120.  lairdthermal.com  
[M3]  “Thermoelectric  Coolers,”  Laird  Thermal  Systems,  n.d.,  from  
https://www.lairdthermal.com/products/thermoelectric-cooler-modules  
[M4]  K.  Pietrzyk  et  al.  “Thermoelectric  module  design  strategy  for  solid-state  refrigeration.”  
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Appendix  N  Arduino  Control  System  Code  
  
N.1 Arduino  
#include  <DHT.h>  //for  the  DHT  sensor  
#include  <SPI.h>  //for  the  SD  card  module  
#include  <SD.h>  //  for  the  SD  card  
#include  <RTClib.h>  //  for  the  RTC  
  
const  int  chipSelect  =  10;  
  
File  myFile;  //  Creates  a  file  to  store  the  data  
  
RTC_DS3231  rtc;  //RTC  setup  
  
#define  DHTPIN  8  //dht  pin  connection  
#define  DHTTYPE  DHT22   //dht  type  
DHT  sensor(DHTPIN,  DHTTYPE);  //initialize  
int  relay_pin1  =  9;  //relay  pin  connection  
  
void  setup()  {  
   sensor.begin();  
   Serial.begin(9600);  
   delay(2000);  
   pinMode(relay_pin1,  OUTPUT);  
   digitalWrite(relay_pin1,  HIGH);  
  
   //  setup  for  the  RTC  
   while  (!Serial);  
   if  (!  rtc.begin())  {  
     Serial.println("Couldn't  find  RTC");  
     while  (1);  
   }  
   else  {  
     //  following  line  sets  the  RTC  to  the  date  &  time  this  
sketch  was  compiled  
     rtc.adjust(DateTime(F(__DATE__),  F(__TIME__)));  
   }  
   if  (!  rtc.lostPower())  {  
     Serial.println("RTC  is  NOT  running!");  
   }  
  
   //  setup  for  the  SD  card  
   Serial.print("Initializing  SD  card...");  
  
   if  (!SD.begin(chipSelect))  {  
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     Serial.println("initialization  failed!");  
     return;  
   }  
   Serial.println("initialization  done.");  
  
   //open  file  
   myFile  =  SD.open("DATA.txt",  FILE_WRITE);  
  
   //  if  the  file  opened  ok,  write  to  it:  
   if  (myFile)  {  
     Serial.println("File  opened  ok");  
     //  print  the  headings  for  our  data  
     myFile.println("Date,Time,Temperature  ºC");  
   }  
   myFile.close();  
}  
  
void  loggingTime()  {  
   DateTime  now  =  rtc.now();  
   myFile  =  SD.open("DATA.txt",  FILE_WRITE);  
   if  (myFile)  {  
     myFile.print(now.year(),  DEC);  
     myFile.print('/');  
     myFile.print(now.month(),  DEC);  
     myFile.print('/');  
     myFile.print(now.day(),  DEC);  
     myFile.print(',');  
     myFile.print(now.hour(),  DEC);  
     myFile.print(':');  
     myFile.print(now.minute(),  DEC);  
     myFile.print(':');  
     myFile.print(now.second(),  DEC);  
     myFile.print(",");  
   }  
   Serial.print(now.year(),  DEC);  
   Serial.print('/');  
   Serial.print(now.month(),  DEC);  
   Serial.print('/');  
   Serial.println(now.day(),  DEC);  
   Serial.print(now.hour(),  DEC);  
   Serial.print(':');  
   Serial.print(now.minute(),  DEC);  
   Serial.print(':');  
   Serial.println(now.second(),  DEC);  
   myFile.close();  





void  loggingTemperature()  {  
   //  Reading  temperature  or  humidity  takes  about  250  ms  
   //  Sensor  readings  may  also  be  up  to  2  seconds  old  
   float  t  =  sensor.readTemperature();  //  Read  temperature  in  
Celcius  
   //float  f  =  dht.readTemperature(true);  //uncomment  to  read  
temperature  as  Fahrenheit  
  
   //  Check  if  any  reads  failed  and  exit  early  (to  try  again).  
   if   (isnan(t)  /*||  isnan(f)*/)  {  
     Serial.println("Failed  to  read  from  DHT  sensor!");  
     return;  
   }  
  
   //debugging  purposes  
   Serial.print("Temperature:  ");  
   Serial.print(t);  
   Serial.println("  *C");  
   //Serial.print(f);  
   //Serial.println("  *F\t");  
  
   myFile  =  SD.open("DATA.txt",  FILE_WRITE);  
   if  (myFile)  {  
     Serial.println("open  with  success");  
     myFile.print(t);  
     myFile.println(",");  
   }  
   myFile.close();  
}  
  
void  loop()  {  
   //lcd.clear();  
   float  t  =  sensor.readTemperature();  //reading  the  temperature  
from  the  sensor  
   //  Checking  if  the  sensor  is  sending  values  or  not  
   if  (isnan(t))  {  
     Serial.println("Failed");  
     delay(1000);  
     return;  
   }  
  
   if  (t  >  6)  {  
     digitalWrite(relay_pin1,  HIGH);  //12V  supply  is  on,  in  High  
Power  Mode  
     delay(100);  
   }  
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   else  {  
     digitalWrite(relay_pin1,  LOW);  //12V  supply  is  off,  4V  
supply  is  on  
  
   }  
  
   //Serial.print(t);  
   delay(2000);  
   loggingTime();  
   loggingTemperature();  
   delay(5000);  
}  
  
N.2 ESP8266  Blynk  Integration  Code  
#define  BLYNK_PRINT  Serial   
//#include  <SPI.h>  
#include  <ESP8266WiFi.h>  
#include  <BlynkSimpleEsp8266.h>  
#include  <DHT.h>  
  
//  Auth  Token  from  the  Blynk  App.  
char  auth[]  =  "___________";  //Enter  the  Auth  code  which  was  
send  by  Blynk  
  
//  Your  WiFi  credentials.  
//  Set  password  to  ""  for  open  networks.  
char  ssid[]  =  "________";   //Enter  your  WIFI  Name  
char  pass[]  =  "_______";   //Enter  your  WIFI  Password  
#define  DHTPIN  D4          //  Digital  pin  4  
BlynkTimer  timer;  
  
#define  DHTTYPE  DHT22   
DHT  dht(DHTPIN,  DHTTYPE);  
  
void  sendSensor()  
{  
   float  h  =  dht.readHumidity();  
   float  t  =  dht.readTemperature();  //  or  
dht.readTemperature(true)  for  Fahrenheit  
  
   if  (isnan(h)  ||  isnan(t))  {  
     Serial.println("Failed  to  read  from  DHT  sensor!");  
     return;  
   }  
   Blynk.virtualWrite(V5,  h);   //V5  is  for  Humidity  





void  setup()  
{  
   Serial.begin(9600);  //  See  the  connection  status  in  Serial  
Monitor  
   Blynk.begin(auth,  ssid,  pass);  
  
   dht.begin();  
   timer.setInterval(3000L,  sendSensor);  
}  
void  loop()  
{  
   Blynk.run();  //  Initiates  Blynk  
   timer.run();  
}   
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Appendix  O  Cooluli  Fridge  
The  Cooluli  Mini  Fridge  is  a  product  currently  on  the  market  that  uses  thermoelectric  cooling.  It  
contains  a  Peltier  module  that  sits  between  a  heat  sink  and  solid  metal  block  that  facilitates  heat  
transfer  between  the  Peltier  module  and  inside  of  the  fridge,  and  a  fan  on  top  of  the  heat  sink.  
We  purchased  this  fridge  for  two  reasons.   
The  first  reason  was  so  we  could  learn  about  successful  and  unsuccessful  design  choices  the  
Cooluli  company  made  for  their  product  and  see  if  we  should  or  should  not  incorporate  any  of  
these  choices  into  our  design  as  well.  For  example,  we  learned  that  the  Cooluli  Fridge  places  a  
fan  directly  on  top  of  the  heat  sink  to  dissipate  heat  as  opposed  to  to  the  side  of  it.  
The  second  reason  we  purchased  the  Cooluli  Fridge  was  to  compare  its  performance  to  the  
performance  of  our  product,  with  hopes  that  our  product  could  outperform  it.  We  hoped  our  
product  could  achieve  a  greater  temperature  difference  between  the  temperature  inside  of  the  
fridge  versus  the  ambient  temperature  and  would  require  less  power  to  operate.   
  
O.1  Performance  When  Plugged  In  
  
This  test  is  similar  to  testing  done  for  common  consumer  compartments  insulation  testing  
(Appendix  K).  We  wanted  to  see  if  the  fridge  achieves  the  temperature  differential  of  40 °F  




1. Put  some  ice  into  a  container  of  water,  and  wait  a  few  minutes  for  the  water  to  reach  
freezing  temperature.  Use  a  thermometer  to  check  that  the  water  reaches  no  more  than  a  
few  degrees  above  32 ° F  =  0 ° C.  Record  the  initial  water  temperature.   Place  cup  in  fridge  
if  needed  for  cup  to  reach  34-36 ° F.   




3. Remove  the  pre-cool  cup,  and  replace  it  with  1  cup  of  near  freezing  water  with  NO  ice  
into  a  cup.  
4. Place  cup  into  the  cooler  and  close  the  door.  
5. Measure  the  ambient  air  temperature  and  record.  
6. Leave  an  additional  cup  of  nearly  freezing  water  on  the  counter  for  a  control.  
7. Wait  for  1  hour.  
8. Measure  the  ambient  air  temperature  again.  
9. Measure  the  temperature  of  the  water  in  the  cooler.  
10. Measure  the  control  cup  temperature.  




Figure  O1.  Temperature  difference  between  refrigerated  water  in  Cooluli  Fridge  versus  





Figure  O2.  Temperature  difference  between  refrigerated  water  in  Cooluli  Fridge  versus  control  
water.  Test  done  conducted  fridge  is  plugged.  Higher  temperature  difference  is  better.  
  
Conclusions  
● The  Cooluli  Fridge  almost  performs  as  well  as  marketed,  achieving  a  temperature  
difference  of  about  20°C  between  the  fridge  and  ambient  temperature  as  seen  in  Figure  
O1.  
● The  Cooluli  fridge  keeps  the  water  cooler  than  if  there  were  no  Cooluli  Fridge.  As  the  
control  water  heats  up  to  ambient  temperature,  the  water  in  the  Cooluli  Fridge  continues  
to  stay  cool  which  is  why  the  temperature  difference  actually  increases  at  the  120min  
mark  compared  to  the  60  minute  mark  in  Figure  O2.  
● Because  the  Cooluli  Fridge  works  so  well,  we  should  incorporate  some  of  its  
refrigeration  elements  into  our  design.  
○ Ex.  Placing  fan  directly  on  top  of  heat  sink.  
○ Ex.  Using  a  single  Peltier  module  similar  to  the  one  the  Cooluli  Fridge  uses  as  





O.2  Sustained  Performance  When  Not  Plugged  In  
  
The  next  design  choice  we  wanted  to  learn  about  the  Cooluli  Fridge  was  the  company’s  choice  
of  materials.  We  wanted  to  know  how  much  the  material,  plastic,  contributed  to  the  fridge’s  
success  at  keeping  its  contents  cool.  To  examine  this,  we  followed  a  similar  procedure  to  the  




1. Put  some  ice  into  a  container  of  water,  and  wait  a  few  minutes  for  the  water  to  reach  
freezing  temperature.  Use  a  thermometer  to  check  that  the  water  reaches  no  more  than  a  
few  degrees  above  32°F  =  0°C.  Record  the  initial  water  temperature.   Place  cup  in  fridge  
if  needed  for  cup  to  reach  34-36°F.   
2. Pre-cool  by  putting  some  freezing  water  with  no  ice  in  the  container  and  let  sit  for  20  
minutes.   
3. Remove  the  pre-cool  cup  and  dump  out  the  water  from  this  cup.   
4. Turn  off  the  appliance.  
5. Place  1  cup  of  near  freezing  water  with  NO  ice  into  a  cup   
6. Place  cup  into  the  cooler  and  close  the  door.  
7. Measure  the  ambient  air  temperature  and  temperature  of  the  water  and  record.  















Figure  O3.  Temperature  of  the  water  in  the  fridge  and  the  control  water  (i.e.,  water  outside  of  
the  fridge).  A  larger  distance  between  the  dots  is  wanted,  showing  the  material  of  the  fridge  is  




● Figure  O3  shows  the  temperature  inside  the  fridge  was  about  5 °C  cooler  than  the  control  
water  outside  of  the  fridge  for  the  duration  of  four  hours.  
● This  temperature  difference  is  much  less,  about  33%  of  the  temperature  difference  
achieved  when  the  Cooluli  fridge  was  plugged  in.  
● Therefore,  the  plastic  material  used  for  the  Cooluli  fridge  does  not  contribute  much  to  
keeping  the  contents  cool  so  our  team  should  look  for  better  insulating  materials  to  









O.3  Power  Consumption  
  
To  operate,  the  Cooluli  Fridge  can  use  AC  for  home  application  or  DC  for  motor  vehicle  
application,  or  a  power  bank  for  USB  application.  The  Cooluli  Fridge’s  input/  energy  
consumption  as  stated  in  the  manual  is  as  follows:  
● AC  110V/0.4A  
● DC  12V/3A  
● USB  5V/2A  (ECO  mode)  
with  a  maximum  of  48  watts  consumption.  Our  goal  was  to  create  a  product  that  requires  less  
power  to  achieve  at  least  a  20°C  difference  between  the  compartment’s  temperature  versus  the  




1. Put  some  ice  into  a  container  of  water,  and  wait  a  few  minutes  for  the  water  to  reach  
freezing  temperature.  Use  a  thermometer  to  check  that  the  water  reaches  no  more  than  a  
few  degrees  above  32 ° F  =  0 ° C.  Record  the  initial  water  temperature.   Place  cup  in  fridge  
if  needed  for  cup  to  reach  34-36 ° F.   
2. Plug  wattage  meter  into  home  outlet  then  the  Cooluli  Fridge  into  the  wattage  meter.  
3. Pre-cool  the  fridge  by  putting  some  freezing  water  with  no  ice  in  the  fridge  and  letting  it  
sit  for  about  25  minutes,  until  the  wattage  meter  measurement  remains  steady.  
4. Remove  the  pre-cool  cup,  and  replace  it  with  1  cup  of  near  freezing  water  with  NO  ice  
into  a  cup.  
5. Place  cup  into  the  cooler  and  close  the  door.  
6. Record  the  power,  voltage,  and  power  rate.  
7. Wait  for  1  hour.  
8. Record  the  power,  voltage,  and  power  rate  again.  












● The  Cooluli  Fridge  consistently  used  about  37.6  watts  of  power  when  plugged  into  an  
AC  wall  outlet  as  evidenced  in  Table  O1.  Therefore,  we  want  our  product  to  use  less  
than  37.6  watts  while  still  achieving  a  20°C  temperature  decrease  compared  to  the  
ambient  temperature.  
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Trial  1  Power  [W]  Voltage  [V]  
Power  Rate  [kwh]  
(accumulated)  
0 37.63 121.5 0.03 
60 37.71 122.3 0.06 
120 37.33 121.9 0.10 
Average  37.56 121.9   
        
Trial  2        
0 37.66 120.0 0.05 
60 37.60 120.3 0.09 
120 37.66 119.7 0.13 
Average  37.64 120.0   
        
Trial  3        
0 37.54 119.8 0.03 
60 37.68 120.4 0.07 
120 37.73 120.7 0.11 
Average  37.65 120.3   
  
Appendix  P  Invention  Disclosure  
P.1  Executive  Summary  
  
The  patent  investigation  determined  which  aspects  of  our  project  are  novel  and  can  potentially  
be  patented.  There  were  many  patents  that  only  encompass  portions  of  our  novel  idea.  These  
patents  were  for  kinetic  energy  devices,  planar  heat  pipe  orientations,  and  portable  cooling  bags.  
With  no  patent  covering  an  important  process  of  our  project,  we  chose  to  disclose  our  full  idea  
of  taking  kinetic  energy  from  the  bike  to  power  thermoelectric  cooling,  with  intermediate  steps  
for  energy  conversion  and  storage,  as  well  as  temperature  control.   
  
P.2  Introduction   
  
Lack  of  access  to  viable,  life-saving  vaccines  is  a  major  public  health  problem  worldwide.  Our  
project  objective  is  to  create  a  feasible,  frugal,  and  environmentally  conscious  transportation  
solution  for  vaccines.  Our  design  for  a  bicycle-powered  refrigeration  system  can  function  in  
both  urban  environments  and  rural  areas  with  unreliable  electricity  and  minimal  infrastructure.  
This  is  enabled  by  integrating  power  generation  from  bicycle  kinetic  energy,  thermoelectric  
cooling,  voltage  regulation,  temperature  control,  and  heat  dissipation  subsystems.   
  
P.3  Invention  Title  and  Technical  Features  
  
Bike  Powered  Thermoelectric  Cooling  
Description  
Transportation  of  temperature-sensitive  items  can  be  difficult  and  expensive  which  denies  
access  to  people  who  are  living  in  developing  areas,  rural  areas,  or  are  homeless.  The  
refrigerator  enables  safe  transit  of  vaccines  and  other  goods  in  these  communities.  Our  primary  
goal  was  to  create  a  portable  cooling  compartment  that  is  mounted  to  and  powered  by  the  
kinetic  energy  of  a  bicycle.  The  patent  discloses  the  process  of  capturing  pedal  power,  
converting  and  storing  it,  powering  thermoelectric  cooling  for  maintaining  refrigeration  
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temperature,  and  using  an  IoT-connected  microcontroller  system  to  log  performance  during  
usage  and  control  the  temperature  of  the  system.  
  
Technical  Features  
Extensive  research  found  no  existing  products  that  use  non-motorized,  human-powered  
transportation  devices  to  power  off-grid  refrigeration.  This  device  incorporates  electric  generation  
from  kinetic  energy  provided  by  a  human  to  power  a  meaningful  device  without  preventing  the  
normal  motion  of  the  vehicle.  The  device  includes  a  conventional  non-motorized  bicycle,  a  DC  
electric  generator,  voltage  regulation,  temperature  measurement,  a  control  system,  thermoelectric  
cooling,  heat  dissipation,  holding  racks  designed  specifically  for  holding  vaccine  vials,  and  an  
insulated,  protective  compartment.  Note  that  this  patent  claim  does  not  include  the  compartment  or  
vial  racks.  
  
Figure  P1.  Power  generation  set  up  with  the  DC  motor  attached  to  the  rear  wheel.  
  
The  DC  generator  is  a  250  watt,  24  volt,  brushed  DC  motor  with  a  rated  speed  of  350rpm,  and  a  
weight  of  around  4  pounds.  A  benefit  of  this  approach  is  that  it  is  a  relatively  simple  conversion  
of  power  from  the  input  pedal  torque  to  the  output  DC  electricity  to  the  thermoelectric  module,  
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and  it  is  also  a  relatively  easy  system  to  repair  and  put  together  on  any  bike  between  22”  and  
29”  tires  diameters.  The  attachment  on  a  prototype  is  seen  in  Figure  P1.   
A  voltage  regulator  is  immediately  connected  after  the  DC  generator  to  limit  the  maximum  
voltage  coming  from  the  power  generation,  in  order  to  protect  the  battery  from  voltages  outside  
its  operating  range.  
  
The  charge  controller  implements  low  and  high  voltage  disconnects  to  protect  the  battery  and  
electrical  system  from  damage  from  fluctuations  in  the  power  supply.  It  disconnects  the  load  
when  the  battery  voltage  is  too  low  to  protect  from  overdrawing  and  disconnects  the  input  when  
the  battery  is  full  to  protect  from  overcharging.  
  
The  microcontroller  follows  the  charge  controller  and  partially  acts  as  a  way  to  regulate  the  
power  going  to  the  thermoelectric  cooler,  by  either  sending  power  directly  to  the  thermoelectric  
module  or  routing  it  through  a  second  voltage  regulator.  In  the  prototype  system,  an  Arduino  
was  used  as  the  microcontroller.  
  
Figure  P2.  The  simplified  temperature  control  logic  (a)  and  a  flow  chart  of  the  control  system  
(b).   
  
When  the  internal  temperature  reaches  its  maximum  allowable  temperature,  the  power  from  the  
charge  controller  will  flow  directly  to  the  thermoelectric  modules  in  order  to  cool  the  
refrigerator.  This  logic  is  shown  in  the  left  image  of  Figure  P2.  Conversely,  when  the  internal  
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temperature  reaches  its  minimum  allowable  temperature,  the  relay  will  switch  to  routing  the  
power  from  the  charge  controller  through  a  second  voltage  regulator  before  going  to  the  
thermoelectric  modules,  in  order  to  allow  the  refrigerator  to  slowly  heat  up.  This  fluctuation  is  
used  as  opposed  to  a  static  temperature  because  of  varying  external  temperatures  affecting  the  
refrigerator  as  the  bicycle  is  in  motion.  Temperature  measurement  is  performed  by  a  DHT22  
sensor,  which  is  accurate  to  half  a  degree  Celsius  and  operates  in  a  temperature  range  of  -40  to  
80°C.  
  
Figure  P3.  A  schematic  of  the  compartment,  with  a  focus  on  how  the  Peltier  module,  heat  pipe,  
heat  sinks,  and  fans  work  for  thermoelectric  cooling.   
  
As  shown  in  Figure  P3,  the  thermoelectric  refrigeration  system  includes  a  thermoelectric  
module,  electric  fans,  heat  sinks,  and  a  heat  pipe.  The  refrigerator  internal  fan  and  heat  sink  use  
convection  to  remove  heat  from  the  contents.  The  heat  then  travels  out  of  the  compartment  
through  the  heat  pipe.  At  the  top  of  the  heat  pipe,  a  thermoelectric  module  transfers  heat  to  a  
large  heat  sink.  A  fan  on  the  outer  heat  sink  creates  convection  necessary  for  rapid  heat  
dissipation  to  the  environment.  
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Figure  P4.  A  schematic  of  the  operating  principles  of  the  (a)  thermoelectric  module  (b)  and  
heat  pipe.  
  
Thermoelectric  or  “Peltier”  modules  are  heat  pumps  using  the  Peltier  Effect  in  which  current  
through  semiconductor  couples  causes  one  junction  to  become  cold  and  the  other  to  become  
hot.   
As  the  current  moves  up  through  the  P-type  semiconductor,  the  positive  charges  go  with  the  
current.  Electrons  move  against  the  current  through  the  N-type  semiconductor.  Image  (a)  in  
Figure  P4  explains  this  concept  visually.  In  the  refrigerator,  this  upward  motion  causes  heat  to  
flow  out  of  the  fridge  beneath  and  up  into  the  heat  sink.  The  vapor  chamber  heat  pipe  uses  
evaporation  and  condensation  to  help  transfer  heat  through  the  material.  Heat  evaporates  the  
fluid,  causing  the  vapor  to  rise  to  the  top  of  the  heat  pipe.  At  the  top,  the  heat  transfers  out  of  the  
heat  pipe,  cooling  the  fluid  so  it  condenses  and  falls  back  to  the  bottom  of  the  heat  pipe.  In  our  
refrigerator,  the  bottom  of  the  heat  pipe  absorbs  heat  from  the  compartment,  and  the  top  releases  
heat  to  the  Peltier  module  and  heat  sink.  Image  (b)  in  Figure  P4  depicts  how  the  heat  pipe  
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P.5  Summary  of  Patent  Classifications  
  
While  conducting  our  patent  investigation,  many  relevant  patents  have  classifications  related  to  




B60L50/20:  “Using  Propulsion  Power  Generated  by  Humans  or  Animals”  
  
Our  product  harnesses  power  generated  from  a  DC  motor  that  is  rotated  as  the  operator  pedals  
the  bicycle.  A  separate  chain  runs  from  the  rear  bicycle  gears  to  a  small  sprocket  on  the  motor,  
which  enables  the  rider  to  generate  more  power  the  faster  they  pedal.  
  
B60L50/62:  “Charged  by  Low-Power  Generators  Primarily  Intended  to  Support  the  
Batteries,  e.g.  Range  Extenders”  
  
The  DC  motor,  used  as  a  generator  that  is  manually  rotated  as  the  operator  pedals  the  bicycle,  
has  a  primary  purpose  of  charging  the  single,  Lithium-Ion  battery  as  the  Peltier  Cooler  and  
Arduino  Control  System  pull  power  from  the  battery  -  extending  the  life  of  the  battery  while  the  
product  is  in  operation.  
  
F03G5/06:  “Devices  for  Producing  Mechanical  Power  from  Muscle  Energy  Other  than  
of  Endless-Walk  Type”  
  
The  product  can  be  used  on  bicycles  sized  22-29  inches,  and  uses  the  pedal  power  from  the  rider  
to  generate  power  with  the  DC  motor  attached  to  the  bicycle  frame.  While  the  rider  pedals,  a  
separate  chain  runs  from  the  rear  bicycle  gears  to  a  sprocket  on  the  DC  motor  -  utilizing  the  
mechanical,  rotational  energy  of  the  gears  to  generate  power  to  charge  the  battery  -  which  
powers  the  Peltier  cooler  and  the  Arduino  Control  System.  
  
F25B21/04:  “Machines,  Plant,  or  Systems,  Using  Electric  or  Magnetic  Effects  Using  
Peltier  Effect;  Using  Nernst-Ettingshausen  Effect  Reversible”  
  
Our  product  uses  a  thermoelectric  module  that  relies  on  the  Peltier  Effect  to  lower  the  
temperature  of  the  insulated  cooler  to  a  specified  temperature  range  monitored  by  the  Arduino  
Control  System.  Power  is  directed  to  the  module  from  a  single,  Lithium-Ion  battery  that  is  





F25B2321/00:  “Details  of  Machines,  Plants,  or  Systems,  Using  Electric  or  Magnetic  
Effects”  specifically  F25B2321/025  “Removal  of  Heat”  
  
This  classification  outlines  the  specific  details  of  the  materials  used  in  classification  F25B21/04.  
In  order  to  increase  the  efficiency  and  effectiveness  of  the  thermoelectric  module  used  to  reduce  
the  temperature  of  our  insulated  cooler,  the  thermoelectric  module  rests  on  top  of  a  heat  pipe  
that  runs  from  inside  of  the  cooler  up  out  of  the  top  of  the  cooler.  A  heat  sink  is  attached  to  the  
top  (hot  side)  of  the  module  to  draw  more  heat  away  from  the  compartment,  ensuring  that  the  
temperature  difference  can  remain  large  between  the  outside  and  inside  of  the  cooler.  
  
  
P.6  Review  of  Prior  Art  
  
In  our  research,  we  found  numerous  patents  that  were  related  to  individual  components  of  our  
disclosed  process.  The  following  seven  patents  are  related  to  thermoelectric  cooling,  
human-powered  electrical  generation,  and  other  topics.  These  patents  do  not  encompass  our  
unique  process  as  a  whole  but  focus  on  steps.  
  
“Electromechanical  Converter  System  for  Electric  Vehicles,”  US20130313930A1  [P1] 
  
This  patent  is  for  the  housing  of  a  device  that  converts  electromechanical  energy  from  a  
lightweight  electric  vehicle  such  as  a  hybrid  e-bike.  Both  the  idea  in  the  patent  and  our  concept  
are  similar  because  the  intent  is  to  convert  energy  from  a  bike.  However,  the  patent  aims  to  
convert  electromechanical  energy  meaning  the  vehicle  produces  both  electricity  and  mechanical  
energy  from  the  pedaling  of  the  bike.  Our  concept  only  takes  in  the  raw  pedal-power  of  the  rider  
meaning  it  is  100%  mechanical  energy  that  will  be  converted  into  electrical  energy.  Our  
concepts  also  differ  by  the  design  of  the  converter’s  housing.  The  patent  makes  claims  on  its  
design  of  the  converter’s  housing  such  as  claim  4,  “Converter  system  according  to  claim  1,  
wherein  the  second  section  (15)  of  the  support  housing  (10,  10’,  10”)  comprises  a  radial  outer  
surface  (16)  that  is  formed  for  bearing  of  the  connecting  element.”  Our  design  for  housing  the  
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converter  is  using  a  bracket  to  attach  a  brushed  DC  motor  to  one  side  of  the  back  wheel  of  our  
bicycle  as  opposed  to  using  many  gears  on  both  sides  of  the  wheel  to  house  the  converter.  
  
“Refrigerator,”  EP2735826B1  [P2]  
  
This  patent  is  for  a  refrigerator  that  uses  compression  refrigeration  and  makes  claim  2,  “wherein  
the  compressor  is  inverter-controlled  by  the  controller.”  Our  concepts  are  similar  only  in  that  we  
both  would  like  to  patent  a  part  of  the  process  for  how  the  refrigeration  system  works.  Other  
than  this  claim,  our  concepts  differ  greatly  in  the  details.  Our  concept  first  differs  by  not  using  a  
compressor  for  refrigeration.  The  patent  uses  a  combustible  refrigerant  that  circulates  through  
the  refrigeration  cycle  whereas  we  have  made  the  design  choice  to  use  a  thermoelectric  module  
as  our  active  cooling  device  for  cooling  our  compartment.  Our  concept  also  differs  from  this  
patent  because  we  are  not  using  an  inverter  to  control  the  refrigeration  system.  Our  design  
utilizes  temperature  sensors  that  connect  to  an  Arduino  to  control  the  “mode”  the  Peltier  will  
work  in.  Our  control  system  works  as  a  single  pole  double  throw  switch  where,  if  the  
compartment  temperature  is  measured  to  be  above  6°C,  the  thermal  electric  module  will  operate  
in  “high  power  mode”  by  being  supplied  with  12  volts,  and  if  the  temperature  is  measured  to  be  
below  6°C,  the  module  will  operate  in  “standby  mode”  by  being  supplied  with  only  4  volts.   
  
“Portable,  human-powered  electrical  energy  source,”  US7129592B1  [P3]  
  
This  patent  is  for  a  human-powered  electrical  generation  system.  It  covers  storing  and  
transporting  mechanical  energy  from  a  human  to  power  a  generator,  and  then  in  turn  producing  
electrical  power  that  can  be  stored  in  a  rechargeable  battery.  It  specifically  makes  claims  to  a  
“ means  for  transferring  mechanical  energy  from  a  human,  operatively  connected  to  said  means 
for  storing  mechanical  energy”  (claim  1b).  Our  system  also  takes  in  mechanical  energy  from  a  
human  source  (i.e.  pedaling)  and  uses  it  to  power  a  motor  as  a  generator.  Similar  to  the  patented  
system,  this  is  also  converted  to  electrical  energy  and  stored  in  a  battery.  However,  the  patented  
system  is  not  bike-specific  but  more  general  and  does  not  cover  anything  beyond  electrical  




“Peltier  temperature  control  system  for  electronic  components,”  US7082772B2  [P4]  
  
This  patent  is  for  a  Peltier-based  temperature  control  system  for  audio  equipment.  The  system  
makes  claims  to  utilizing  “ a  feedback  mechanism  that  receives  the  temperature  indications  from  
the  temperature  sensor  and  adjusts  the  control  signal  to  vary  the  current  to  the  Peltier  module  to  
prevent  the  temperature  of  the  audio  component  from  exceeding  a  predetermined  parameter”  
(claim  48).  In  simpler  terms,  it  adjusts  the  drive  for  the  Peltier  effect  module  to  cool  the  audio  
component  and  prevent  overheating  based  on  this  reading.  At  a  high  level,  this  is  similar  to  how  
our  control  system  works.  If  the  temperature  inside  the  compartment  is  greater  than  the  setpoint,  
then  the  Peltier  is  supplied  with  a  high  voltage  to  keep  the  vaccines  inside  viable.  Where  the  two  
differ  is  the  application  of  the  systems  and  some  of  the  specific  components  used.  For  example,  
the  patented  system  uses  a  thermistor  as  a  temperature  sensor  while  ours  uses  a  DHT22  
temperature  and  humidity  sensor  controlled  by  an  Arduino.   
  
“Mobile  Thermoelectric  Vaccine  Cooler  With  a  Planar  Heat  Pipe,”  US9791184B2  [P5]  
This  patent  describes  a  miniature  refrigerator  to  keep  temperature-sensitive  medical  supplies  
such  as  vaccines  and  insulin  within  a  narrow  range  of  safe  temperatures  in  transit.  The  device 
consists  of  a  cooling  chamber  that  can  hold  about  one  liter  of  medicine,  insulation,  a  
thermoelectric  cooling  device,  many  heat  sinks  with  fans,  and  a  planar  heat  pipe,  with  a  diagram  
of  major  elements.  Our  concept  shares  the  use  of  vapor  chamber  heat  pipes  and  thermoelectric  
cooling,  however,  it  varies  in  the  size  and  placement  of  these  elements.  This  patent  claims  a  
design  that  places  the  heat  pipe  between  the  thermoelectric  device  and  the  heat  sink.  Our  design  
places  the  thermoelectric  cooler  at  the  top  of  the  heat  pipe  and  in  direct  contact  with  the  heat  
sink  to  optimize  heat  dissipation.   The  patent  also  claims  the  placement  of  a  thermoelectric  
module  in  the  middle  of  a  multi-layer  insulation  system.  Our  concept  keeps  the  thermoelectric  
module  outside  of  the  insulation  system.  Our  concept  is  significantly  larger;  about  5.6  liters  
compared  to  1.2  liters  while  using  around  the  same  amount  of  electricity.  Our  concept  includes  
the  additional  bicycle  power  generation,  power  conversion,  and  connection  to  the  bicycle,  




“Thermoelectric  Medicine  Cooling  Bag.”  US5704223.  [P6]  
This  patent  is  for  a  powered  thermoelectric  medicine  cooling  bag  for  medical  supplies  
transportation  focused  around  insulin.  It  is  designed  to  only  keep  the  insulin  colder  than  30°C  in  
very  warm  climates  and  holds  less  than  1  liter  of  contents.  Our  concept  differs  by  including  
charging  and  power  generation  capacity,  rather  than  only  battery  power.  Our  concept  has  a  
programmable  temperature  range,  typically  2-8°C,  instead  of  a  fixed  temperature  of  21-24°C.  
Our  concept  includes  the  bicycle  transportation  and  connection  aspect  and  can  be  detached  and  
moved  to  another  location.  This  patent  claims  placing  a  thermoelectric  heat  pump,  container  to  
hold  vials,  and  portable  electrical  power  inside  a  box-like  carrying  case.  Our  concept  places  
these  elements  in  an  open-air  container  to  allow  for  better  thermal  management  of  the  system  
and  for  easier  replacement  of  components.  The  patent  claims  using  a  flexible  and  insulating  
material  on  the  exterior  of  the  container,  with  smaller  solid  medicine  containers  within  it  in  
varying  orientations  and  configurations.  Our  concept  uses  a  hard-side  case  for  better  external  
protection  and  durability,  with  soft-sided  material  on  the  inside  to  protect  the  contents.  
  
“Portable  Temperature  Controlled  Container.”  US10610451B2.  [P7]  
This  patent  is  for  a  container  that  can  either  heat  or  cool  the  interior  of  a  container  to  match  a  set  
temperature  so  that  the  contents  will  not  overheat  in  warm  climates  nor  freeze  in  cold  climates.  
Our  concept  uses  exposed  heat  dissipation  elements  to  improve  cooling  efficacy,  rather  than  an  
enclosure.  Our  system  includes  sturdy,  elastified  mounting  for  the  heat  dissipation  components  
to  prevent  breakage  during  use.  Our  concept  differs  by  adding  power  generation  and  
rechargeable  battery  storage  for  sustained  off-grid  application  rather  than  relying  on  frequent  
charging.  Our  concept  includes  additional  connection  and  integration  with  a  bicycle  for  transit.  
The  patent  claims  a  container  with  two  thermoelectric  devices,  one  on  each  side  of  a  phase  
change  material.  Our  concept  functions  with  only  one  thermoelectric  device  to  reduce  cost  and  
energy  consumption  at  the  needed  temperatures.  This  patent  claims  usage  of  phase  change  
material  to  transfer  heat,  specifically  water  or  another  substance  with  phase  transition  between  
-2°C  and  8°C.  Our  design  avoids  extra  materials,  especially  stored  fluids,  that  would  add  weight  
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to  the  system,  and  is  designed  to  stay  above  near-freezing  temperatures  below  2°C.  The  patent  
claims  a  container  of  size  10  to  20  liters;  our  concept  ranges  from  4-6  liters.  
  
  
P.7  Conclusion  and  Claims  
  
Through  our  patent  investigation,  we  noticed  there  are  no  patents  encompassing  our  process.  
Our  unique  idea  is  patentable  because  of  its  ability  to  power  thermoelectric  cooling  with  100%  
human  power.  Note  the  compartment  design  is  not  disclosed  in  the  patent.  
The  invention  claimed  is:  
1. A  portable  human-powered  bicycle  and  temperature-controlled  compartment  
comprising:  
a. A  temperature  control  system  to  regulate  the  temperature  of  a  compartment.  
b. A  power  generation  system  to  convert  a  portion  of  the  kinetic  energy  in  the  
pedals,  chain,  wheels,  or  gears  of  a  moving  bicycle  to  DC  electricity.  
c. An  electrical  regulation  system  that  can  charge  a  battery  and  provide  power  to  
the  temperature  control  system.  
2. A  temperature  control  system  in  claim  1a  comprising:  
a. A  thermoelectric  device  capable  of  transferring  heat  when  there  is  electric  
current  flowing  through.  
b. One  fan  to  provide  forced  convection  of  air  inside  the  compartment  and  maintain  
a  uniform  compartment  temperature.  
c. One  fan  placed  vertically  or  horizontally  across  the  external  heat  sink  for  forced  
convection,  wherein  the  heat  sink  is  placed  on  top  of  a  thermoelectric  device.  
d. A  heat  sink  placed  on  the  external  hot  side  of  the  thermoelectric  device.  
e. A  vapor  chamber  heat  pipe  in  which  one  side  is  thermally  connected  to  a  heat  
sink  on  the  inside  of  the  chamber,  and  the  other  side  is  thermally  connected  to  
the  cooling  side  of  the  thermoelectric  heat  pump  to  carry  heat  through  the  
insulated  walls.   




g. A  first  temperature  sensing  device  on  the  inside  of  the  compartment.  
h. A  second  temperature  sensing  device  on  the  outside  of  the  compartment.  
i. Microcontroller  to  partially  or  fully  regulate  power  supplied  to  a  thermoelectric  
device  and/or  one,  two,  or  more  fans.  
3. A  power  generation  system  in  1b  using:  
a. DC  motor  used  as  a  generator  connected  to  a  bicycle  for  power  generation.  
b. DC  generator  outputting  electricity  to  a  Peltier  through  the  electrical  regulation  
system.  
4. An  electrical  regulation  and  storage  system  in  1c  using:   
a. Voltage  regulator  connected  to  a  DC  generator  for  voltage  protection.  
b. Charge  controller  for  limiting  damage  from  power  supply  fluctuations  by  
disconnecting  at  different  battery  levels.  
c. A  rechargeable  battery  that  can  be  charged  using  the  said  power  generation  
system,  voltage  regulator,  and  charge  controller,  and  be  used  to  power  the  
temperature  control  system  in  claim  2.  
5. The  power  generation  system  in  claim  3  in  which  the  power  output  from  the  generator  is  
between  6  volts  and  18  volts.  
6. The  electrical  regulation  and  storage  system  in  claim  4  in  which  the  electrical  energy  
from  the  generator  can  be  supplied  directly  to  the  temperature  control  system  in  claim  2  
or  be  used  to  charge  the  battery  depending  on  the  electricity  required  by  said  
temperature  control  system  at  that  instant.  
7. The  temperature  control  system  in  claim  2  in  which  the  temperature  is  maintained  
between  2-8°C.  
8. The  temperature  control  system  in  claim  2  in  which  the  temperature  and  compartment  
are  suitable  for  carrying  certain  vaccines.  
9. The  portable  temperature  control  system  in  claim  2  in  which  the  thermoelectric  device  is  
a  Peltier  device.  
10. The  temperature  control  system  in  claim  2  in  which  the  controller  utilizes  the  data  from  
the  first  temperature  sensing  device  and  compares  it  to  the  data  from  the  second  
temperature  sensing  device  to  optimize  operation.  
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11. The  temperature  control  system  in  claim  2  in  which  the  first  temperature  sensing  device  
is  a  DHT22  sensor.  
12. The  temperature  control  system  in  claim  2  in  which  the  second  temperature  sensing  
device  is  a  DHT22  sensor.  
  
While  there  are  patents  that  include  only  portions  of  claims  2  through  4,  our  patent  covers  the  
entire  process  in  claim  1  with  unique  specifications.   
  




Patent  References  
  
[P1]  Fuchs,  A.  “Electromechanical  Converter  System  for  Electric  Vehicles.”  
US20130313930A1,  United  States  Patent  Application,  23  July  2013.  
https://patents.google.com/patent/US20130313930A1/en?oq=US20130313930A1   
  
203  
Patent  Title  Patent  Number  Granted  Date  
Electromechanical  Converter  
System  for  Electric  Vehicles  
US20130313930A1  23  July  2013  
Refrigerator  EP2735826B1  28  May  2014  
Portable,  human-powered  
electrical  energy  source  
US7129592B1  31  October  2006  
Peltier  temperature  control  
system  for  electronic  
components  
US7082772B2  01  August  2006  
Mobile  Thermoelectric  
Vaccine  Cooler  With  a  Planar  
Heat  Pipe  
US20160003503A1  17  October  2017  
Thermoelectric  Medicine  
Cooling  Bag  
US5704223  06  January  1998 
Portable  Temperature  
Controlled  Container  US10610451B2  7  April  2020 
  
[P2]  Hirai,  T.,   Sakai,  H.  “Refrigerator.”  EP2735826B1,  European  Patent  Office,  28  May  2014.  
https://patents.google.com/patent/EP2735826B1/en?oq=EP2735826B1  
  
[P3]  Yetter,  G.  “Portable,  human-powered  Electrical  Energy  Source.”  US7129592B1,  United  
States  Patent,  31  October  2006.  https://patents.google.com/patent/US7129592B1/en  
  
[P4]  Welch,  J.  “Peltier  Temperature  Control  System  for  Electronic  Components.”  
US7082772B2,  United  States  Patent,  01  August  2006.  
https://patents.google.com/patent/US7082772B2/en  
  
[P5]  Ohara,  B.,  Sitar,  R.,  Soares,  J .,  Novisoff,  P.,  Perez,  A.N.,  Lee,  H.   “Optimization  Strategies  
for  a  Portable  Thermoelectric  Vaccine  Refrigeration  System  in  Developing  Countries,”  
Journal  of  Electronic  Materials ,  Vol.  44,  No.  6,  June  2015.  DOI:  
10.1007/s11664-014-3491-9  
https://login.libproxy.scu.edu/login?url=https://search.ebscohost.com/login.aspx?direct=tru 
e&db=aci&AN=102428177&site=ehost-live&scope=site   
  
[P6]  MacPherson,  E.T.,  Bridges,  C.A.,  Peters,  R.K.,  “Thermoelectric  Medicine  Cooling  Bag.”  
US5704223.,  United  States  Patent,  6  January  1998.  
https://patents.google.com/patent/US5704223A/en  
  
[P7]  Gray,  D.  “Portable  Temperature  Controlled  Container.”  US10610451B2.,  United  States  
Patent,  7  April  2020.  https://patents.google.com/patent/US10610451B2/en   
   
204  
  
P.8  Copies  of  Patent  Documentation  
  

























“Portable  Temperature  Controlled  Container.”  US10610451B2.  [P7]  
   
211  
  
Appendix  Q  Assembly  Drawings  
  
Q.1  Compartment  Assembly  Drawings  
  
Figure  Q1.  Assembly  drawing  of  the  outer  hard  shell.  
  
  














Figure  Q5.  Assembly  of  the  top  layer  of  the  vaccine  holder.  
  
  




Figure  Q7.  Detailed  drawing  of  base  of  vaccine  holder.  
  
  




Figure  Q9.  Detailed  drawing  of  support  for  mesh  for  vaccine  holder.  
  
  




Figure  Q11.  Detailed  drawing  of  brass  rod  mesh  for  vaccine  holder.  
  
  




Figure  Q13.  Assembly  of  outer  frame  of  wooden  platform.  
  
  





Figure  Q15.  Detailed  drawing  of  front  and  back  of  outer  frame.  
  
  





Figure  Q17.  Assembly  of  inner  tray  of  wooden  platform.  
  
  





Figure  Q19.  Detailed  drawing  of  base  of  inner  tray.  
  
  





Figure  Q21.  Detailed  drawing  of  compartment  section  wall  in  inner  tray.  
  
  




Figure  Q23.  Detailed  drawing  of  battery  section’s  side  walls  in  inner  tray.  
  
  




Figure  Q25.  Assembly  of  charge  controller  section  of  inner  tray.  
  
  




Figure  Q27.  Detailed  drawing  of  charge  controller  section’s  back  wall  in  inner  tray.  
  
  




Figure  Q29.  Detailed  drawing  of  voltage  regulator  section’s  side  wall  in  inner  tray.  
  
  




Figure  Q31.  Assembly  of  divider  between  heat  pipe  and  vaccine  holders.  
  
  




Figure  Q33.  Detailed  drawing  of  side  of  divider.   
  
Q.2  Power  Generation  Assembly  Drawings  
  
Figure  Q34.  Assembly  Drawing  of  DC  Generator  
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.    
Figure  Q35.  Installation  Drawing  of  Power  Generation  Subsystem  
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Appendix  R  Sketches  
  
R.1  Preliminary  Goods  Compartment  Ideas  
  
Figure  R1.  Goods  compartment  idea  #1:  A  backpack  with  refrigeration  in  dotted  line  area  and  
shaded  area  to  mark  padding.  
  
Figure  R2.  Goods  compartment  idea  #2:  A  duffel  bag  with  refrigeration  equipment  marked  by  
the  dotted  line  area  and  padding  shown  by  shading.  
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Figure  R3.  Goods  compartment  idea  #3:  hard  and  soft  side  cooler  concept  with  direct  













R.2  Preliminary  Vial  Holder  Sketches  
  
Figure  R3.  Dimensions  of  compartment  if  heat  pipe  was  on  the  side,  marked  by  unlabelled  
area.  Vial  is  also  pictured  with  estimated  dimensions.  This  orientation  of  the  compartment  and  
placement  of  the  heat  pipe  were  not  chosen  for  the  final  design.  
  
  
Figure  R4.  Different  variations  of  vial  orientations.  Laid  down  vial  dimensions  did  not  work  





Figure  R5.  Idea  #1  with  vials  laying  down.  Layers  would  stack  and  vials  are  blocked  from  
slipping  out  by  thin  material  making  X-shaped  barricade.  
  
  




Figure  R7.  Idea  #1  Checking  height  of  layers  in  this  design  and  how  many  pieces  it  would  take 
to  create  a  stacked  vial  holder.  
  
  












Figure  R10.  Idea  #2   Checking  height  of  layers  in  this  design  and  how  many  pieces  it  would  










Figure  R12.  Idea  #3  with  vials  standing.  Bottom  layer  has  small  holes  for  ventilation  while  top  
layer  has  holes  for  vial  to  fit  through.  Two  oval  holes  in  wall  are  to  wrap  fingers  through  to  pull  





Figure  R13.  Idea  #3  Checking  height  of  layers  in  this  design  and  how  many  pieces  it  would  





Figure  R14.  Idea  #4  with  vials  standing.  Similar  to  Idea  #3,  but  the  top  of  one  layer  fits  around  
the  layer  above  it.  
  
  
Figure  R15.  Idea  #5  with  standing  vials.  The  layers  stack  with  latches  instead  of  fitting  into  





Figure  R16.  Idea  #5  Checking  height  of  layers  in  this  design  and  how  many  pieces  it  would  
take  to  create  stacked  vial  holder.  
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R.3  Attaching  to  Bike  Preliminary  Ideas 
  
  
Figure  R17.  General  idea  of  how  subsystems  need  to  connect.  
  
  




Figure  R19.  Idea  #2  Layout  of  how  components  should  be  organized.  This  is  the  layout  used  
for  the  final  design.  
  
  





Figure  R21.  Idea  #2  Using  a  solid  metal  strip  to  attach  the  compartment  to  the  luggage  rack.  
  
  
Figure  R22.  Idea  #1  of  platform  attaching  to  luggage  rack.  Wheels  attached  to  bottom  of  












Figure  R24.  Idea  #3  of  platform  attaching  to  luggage  rack.  Use  of  bungee  cords.  In  Option  1,  
the  bungee  cords  go  through  the  platform  for  a  tighter  fit  while  in  Option  2,  the  bungee  cords  go  
around  the  platform.  
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Figure  R25.  Electrical  generation  concept  that  uses  the  bike  frame  as  a  mounting  system  for  the  
electrical  components.  
Figure  R26.  Idea  for  a  solar  power  add  on  for  extra  power  while  the  bike  is  not  in  motion.  
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